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Cementitious composite materials provide a foundation for civilized life, from underlying structural 
bedrock to the tallest concrete structures in the world. These infrastructure materials (e.g., concrete and 
rock) are challenging to inspect and characterize, in part because of their heterogeneous and multi-scale 
compositions. Recently, nonlinear transient dynamic mechanical resonance behaviors, also known as “slow 
dynamic” behaviors, have been observed in damaged cementitious composite materials, yet the physical 
mechanisms underlying these behaviors are not understood. These phenomena hold potential to offer new 
insight and improved performance for monitoring the degradation of infrastructure materials.  
In this dissertation, I study the potential of slow dynamic behaviors for practical application as a 
nondestructive inspection method for infrastructure materials. The study includes experimental tests and 
analytical modeling. Most experiments were carried out on neat cement paste samples, which represent 
porous composite infrastructure materials in general. The study was divided into three components: 
observing the behavior at the global (macro) and micro-scales, modeling the behavior in terms of a physical 
or mechanistic basis, and applying the behavior to monitor degradation through a practical application.  
A repeatable nondestructive testing approach that uses a sequential impact device was designed to extract 
consistent global slow dynamic conditioning observations and characteristics from prismatic cement 
samples. The occurrence and existence of slow dynamic behaviors depended on the extent of damage and 
moisture states of a specimen. A small-scale disc vibration experiment was designed to enable imaging, 
using an environmental scanning electron microscope during vibration excitation in a controlled 
environment. Moisture migration within the paste microstructure was observed at the micron scale before 
and after resonance vibration of the disc. A new Mechanistic Diffusion Model (MDM) was developed to 
explain observed global- and micro-scale experimental results. The MDM unifies the moisture state, 
damage extent, and time dependence of slow dynamic behaviors. The MDM was verified through further 
experimentation. Finally, the slow dynamic characteristics of drying cement paste prisms with varying 
amounts of shrinkage reducing admixture were studied and compared to linear measurements performed 
on the same samples. The slow dynamic behaviors provided a measure of the bulk relative material damage 
at a single point in time, whereas the linear methods required measurements at two different points in time, 
before and after damage, in order to characterize the material.  
This dissertation provides a deeper understanding of slow dynamic behavior, offers a new mechanistic 
explanation based on moisture migration for slow dynamic behaviors in porous composite materials, and 
presents the basis for a single-test nondestructive approach to evaluate degradation levels in cementitious 
materials in a sensitive and reliable manner. The improved understanding of these dynamic behaviors will 
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improve the design, application, and evaluation of infrastructure materials, from understanding underlying 
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Chapter 1 Introduction 
1.1 Motivation 
Infrastructure is a component critical to the function of modern society. Valuable societal gains and 
improved quality of life has continued throughout recent times partially because of the increased 
productivity achieved by infrastructure, such as high-rise buildings and efficient bridge structures 
(Aschauer, 1989). These structures push the boundaries of engineering and demand advanced infrastructure 
materials. The most common infrastructure material widely used is concrete (Low, 2005). As a result, 
research and inspection of concrete materials remains a critical component to continual societal 
improvement.  
Inspecting concrete is a significantly difficult task. Unlike other modern materials such as steel or glass, 
concrete is a heterogeneous material and is highly variable in composition. This variability makes it difficult 
to acquire consistent quantitative material property metrics for comparing one material composition to the 
next. The lack of consistent comparable material metrics complicates the management of infrastructure 
portfolios. To aid in the inspection and management of existing concrete infrastructure, new robust 
inspection techniques are needed. 
1.1.1 The value of NDT in civil engineering  
The purpose of an engineer is “directing the great sources of power in nature” through design, construction, 
and maintenance “for the use and convenience of man” (Cross, 1952). As the portfolio of infrastructure in 
the built environment of man grows, the responsibility of maintaining existing infrastructure is the duty of 
the civil engineering discipline. A core component of maintaining infrastructure is measuring and predicting 
the performance or degradation of that infrastructure over time. The principle degradation measurement 
civil engineers use to achieve this task is materials testing.  
Testing of materials is commonly a destructive practice. In destructive testing, a sacrificial sample of 
material is taken and used to determine a set of parameters. Destructive testing by nature can only be carried 
out once on each sample of material. In order to characterize an existing infrastructure material, the 
infrastructure must be damaged and taken apart by drilling many core samples. After this procedure the 
infrastructure is in markedly worse condition than it was prior to testing.  
In contrast, nondestructive testing enables the testing of materials without sacrificing the material for the 
measurement of the test (ACI Committee 228, 2013). Nondestructive tests can be run multiple times on a 
single sample in order to understand the variance of the test. In some cases, the nondestructive test can be 
carried out in a field setting without disturbing an existing structure. In these cases, nondestructive tests can 
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drastically reduce the cost of performing material testing and can significantly reduce the impact of testing 
on the performance and physical damage of an existing structure (McMaster, 1959).  
1.1.2 Limitations of current practice 
Concrete is by design a conglomerate of several different constitutive materials. The main three components 
of concrete are cement, water and aggregates. Cement is a manufactured material made from a combination 
of calcium, silicon, iron and aluminum sources (Mindess, Young, & Darwin, 2002). Water dissolves cement 
and activates the hydration process. Aggregates are naturally mined materials, such as limestone or 
dolomite, which act as stable volumetric fillers. 
Due to the heterogeneous composition of concrete, the resulting hardened material has geometric voids, 
inclusions of natural aggregates, inclusions of water, and amorphous cement paste holding everything 
together.  The complex composition makes selecting a scientific mechanism for nondestructive material 
inspection difficult. Two fundamental scientific mechanisms—electrical and mechanical mechanisms— 
cover most existing nondestructive techniques. Electrical methods, such as resistivity or radar, are highly 
influenced by the moisture composition of the inspection material. Mechanical methods, such as wave 
propagation or physical load tests, are highly influenced by the size and ratios of the aggregates in the 
inspection material (ACI Committee 228, 2013; Kolsky, 1963; Mindess et al., 2002).  
In terms of mechanical methods, specifically stress wave propagation, the wavelength of an inspection 
waveform in the material must be larger than the largest inclusion in order for successful wave propagation. 
Unfortunately, larger wavelengths reduce the inspection resolution. In other words, if the ratio of 
wavelength divided by inclusion size is below one, waves will reflect off the inclusions and not readily pass 
through the material. In concrete, this limitation restricts the wavelength to above approximately 10 cm. 
For comparison, wave inspection techniques in steel operate with a wavelength of approximately 0.1 cm. 
This limitation on wavelength significantly reduces the resolution and direct practical application of simple 
stress wave inspection in concrete structures.  
Fortunately, beyond standard wave propagation inspection there is another mechanical method: resonance 
vibration. Resonance vibration results from a unique formulation of material boundary conditions and 
material mechanical properties, such as modulus. From resonance vibration, a standard was created for 
measuring the dynamic modulus, otherwise known as stiffness, of a material based on how a fixed geometry 
vibrates. This standard was published as ASTM C215 Standard Test Method for Fundamental Transverse, 
Longitudinal, and Torsional Resonant Frequencies of Concrete Specimens (ASTM C215, 2014).  
The standard ASTM C215 method observes a vibration event in a fixed set of excitation and boundary 
conditions. The equations of ASTM C215 interpret the frequency of vibration, the mass, and the geometry 
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of the specimen into an effective modulus. ASTM C215 assumes that the material parameters are constant 
throughout the cross section of the specimen.  
Neat cement paste or concrete specimens are variable in exact material properties because each is poured, 
cast, and finished separately. To quantify the amount of distributed damage in a cement or concrete 
specimen the standard ASTM C215 test, dynamic modulus, must be collected before and after a damaging 
event occurs. The resulting before and after measurements of dynamic modulus can be compared and the 
reduction can be used to quantify the relative level of damage.  
The required before and after measurements to determine a relative level of damage are often a limiting 
factor for the application of the ASTM C215 test on existing infrastructure inspection. Infrastructure 
inspections for damage quantification occur primarily after a suspected damage event, such as a thermal 
exposure or collision. Often the before case is not practical to collect and store. As a result, for low levels 
of microstructural damage, cement or concrete specimens cannot be quantitatively compared with any 
existing single nondestructive measurement.  
1.1.3 Why are nonlinear dynamic behaviors important for nondestructive inspection? 
Nonlinear vibration dynamics, specifically transient behaviors, present an interesting recently observed 
mechanical phenomenon in heterogeneous materials. Nonlinear vibration dynamics have observed that the 
vibration frequency of a sample depends on the magnitude of the vibration and the vibration history. In 
ideal undamaged materials, there exist limited nonlinear vibration dynamics. However, when the material 
is observed to have cracks, the nonlinear behaviors are larger. In other words, in a damaged material, a 
significant change in the vibration behaviors can be observed at different magnitudes and histories of the 
impacts. This phenomenon can enable the identification of damage levels with a single test rather than the 
impractical pair of tests before and after a damage event. It is worth noting that the nonlinear phenomenon 
is sensitive only to cracks and not the natural voids that are present within these materials.  
The specific phenomenon of material nonlinear vibration dynamics focused on in this work is the influence 
of vibration history in generating the transient nonlinear dynamic behaviors known as slow dynamic 
behaviors (Ten Cate, Smith, & Guyer, 2000). In this case, a sample is excited at a specific magnitude, which 
results in a vibration frequency representative of the sample’s stiffness. Then, after returning to a damped 
state, the sample is immediately excited again, which results in a lower vibration frequency than the first 
time. If the sample is allowed to rest for a recovery period of several hours to days and is then excited again, 
the vibration frequency will match the initial vibration frequency. This phenomenon of conditioning and 
recovery of stiffness has to date been discussed by phenomenological models (Berjamin, Lombard, 
Chiavassa, & Favrie, 2018; V. O. Vakhnenko, Vakhnenko, Ten Cate, & Shankland, 2006), but remains 
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unexplained by a physical mechanism. The dependence of history presents an opportunity to improve our 
understanding of how these complex materials respond to dynamic excitation (Holcomb, 1981) and, as a 
result poses a new mechanism for improved nondestructive material testing (Guyer, Ten Cate, & Johnson, 
1999). 
 
1.2 Nonlinear Dynamic Theory  
In this section, the theoretical justifications for the nonlinear dynamic behaviors are reviewed. A 
fundamental base of mechanical models is the constant-temperature thermodynamic formulation for 




 at constant entropy, (S) =
𝝏𝑭
𝝏𝒖𝒊𝒌
at constant temperature (T)   (1-1) 
where 𝜎𝑖𝑘 is the stress tensor, Ν is internal energy, 𝐹 is the free energy, and 𝑢𝑖𝑘 is the strain tensor (Landau 
& Lifshitz, 1959). The strain tensor is defined as 
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where 𝜆𝑖𝑘𝑙𝑚is a fourth order elasticity tensor. Assuming isothermal conditions and isotropic material 
symmetry, this equation can be approximated using a second order power series to  
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)𝜇), 𝜇 is the shear modulus or second Lamé coefficient, and δ is the kronecker delta. If the undeformed 
free energy state is assumed constant, Equation 1-4 is further simplified to a volumetric and a deviatoric 
component. First order terms are neglected from this formulation, as the undeformed body must have a zero 
stress state.   
The geometrically derived strain tensor definition (Eqn. 1-2) is complete with the second order terms 
needed to characterize a deformed volume. From this fundamental relationship between free energy and 




1.2.1 Linear constitutive models 
For small material perturbations, which result in infinitesimally small strains, the third term of Eqn. 1-2 can 
reasonably be neglected. The combined assumptions of small strains and isothermal/isotropic materials 
(Eqn. 1-4) allow Eqn. 1-1 to be approximated by Hooke’s law as  
𝝈𝒊𝒌 = 𝑲𝒖𝒍𝒍𝜹𝒊𝒌 + 𝟐𝝁(𝒖𝒊𝒌 −
𝟏
𝟑
𝜹𝒊𝒌𝒖𝒍𝒍) .       (1-5) 
This approximated relationship allows stress and strain in a material to be linearly related. 
Many critical standard infrastructure testing procedures have been developed and deployed that are based 
on a linear relationship between stress and strain. For example, the standard method to measure linear 




        (1-6) 
  𝝎 = 𝒌𝟐√
𝑬𝑰
𝝆𝑺
       (1-7) 
where 𝜌 is density, 𝑆 is cross sectional area, 𝐸 is Young’s modulus, 𝐼 is second moment of inertia, and 𝑘 is 
the wavenumber; this solution further assumes 1-D plane wave action (Landau & Lifshitz, 1959; 
Timoshenko, 1928). From these linear equations, an infinite number of harmonic frequencies are apparent 
and the modulus is considered constant in time and space. The vibration equation was expanded to include 
non-slender rod effects of shear and torsion (Timoshenko, 1928) that is presented in tabulated form in the 
ASTM C215 standard.  
  
Figure 1.1: Experimental comparison of reinforced concrete beam subjected to flexural damage that is monitored using single 
mode nonlinear resonant acoustic spectroscopy (SIMONRAS/NL-FDM) and linear resonance measurements (Van Den Abeele & 
De Visscher, 2000, reproduced with permission). 
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Unfortunately, linear nondestructive measurements, such as standard vibration resonance or wave velocity, 
often display poor sensitivity to damage in cementitious materials, especially at the early stages of damage 
development (Ham, 2015; Nagy, 1998; Yim, Kim, Park, & Kwak, 2012). In an effort to improve detection 
of the early stages of damage, nonlinear higher order effects, such as resonance frequency shifting, have 
been explored with improved sensitivity to damaged states as shown in Figure 1.1 (Koen Van Den Abeele 
& Visscher, 2000; Eiras, Popovics, Borrachero, Monzó, & Payá, 2015). The nonlinear parameters measured 
by Van Den Abeele and De Visscher provide sensitivity to internal distributed damage that is an order of 
magnitude higher than that of the equivalent linear measurements.  
 
1.2.2 Nonlinear constitutive models 
In nonporous homogenous materials, such as polyvinyl chloride (PVC), impact amplitude does not affect 
the material resonance frequency, thus providing a linear dynamic response. In porous materials, linear 
theory fails to fully capture the observed material response. Figure 1.2 displays a series of longitudinal 
vibration resonance tests of different amplitudes on a sample of PVC and a sample of Berea sandstone. In 
the plots in Figure 1.2, each line represents a continuous forced excitation with a stepped frequency; the 
amplitude of the line is the measured acceleration at the free end of the rod. The observed peak of the line 
corresponds to the resonant frequency of the specimen at that acceleration or strain level. In the Berea 
sandstone sample, the vibration frequency stepping directions (upwards and downwards) are signified by 
dashed and solid lines. Several features, such as amplitude dependent resonant frequency and material 
memory, are present in the sandstone behaviors but not in the PVC. Material memory can be observed in 
the plots as the hysteretic difference between a forward sweeping excitation and a reversed sweeping 
excitation. The amplitude dependence of vibration behaviors has been defined as the classical nonlinear 
response, while the hysteretic material memory has been defined as the nonclassical nonlinear response. 
Classical nonlinear responses are often attributed to various abnormalities in the material microstructure, 
such as microcracking and grain boundaries. The causes of nonclassical material memory are still debated 
(Guyer & Johnson, 2009). To explain these anomalous behaviors (amplitude frequency dependence and 
material memory) several different nonlinear constitutive models have been formulated.  
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Figure 1.2: Nonlinear resonance spectroscopy responses of PVC (left) and Berea sandstone (right). The tests were carried out by 
sweeping frequency upward and downward as indicated respectively by dotted and solid lines (Ostrovsky & Johnson, 2001, 
reproduced with permission). 
The classical formulation of nonlinear behavior is derived from the original thermodynamic formulation 
for displacement (Eqn. 1-1). In contrast to the linear solution, the higher order terms of the strain tensor and 
internal energy are retained when calculating the stress-strain relationship. The internal energy formulation 

















𝑪𝒖𝒍𝒍    (1-8) 
where A, B, C are scalar coefficients (Landau & Lifshitz, 1959; McCall & Guyer, 1994; Murnaghan, 1967). 
The resulting stress strain relationship including higher order strain effects in one dimension simplifies to  
         𝝈 = 𝑬(𝜺 + 𝜷𝜺𝟐 + 𝜹𝜺𝟑+. . . )        (1-9) 
where  is strain, 𝛽 and 𝛿 are higher order (cubic and quartic) nonlinearity coefficients (Abeele, Carmeliet, 
Cate, & Johnson, 2000; Ostrovsky & Johnson, 2001). 
In the study of vibrations, integer products of the fundamental vibration frequency are observed in 
experiments and defined as harmonics. Harmonics are termed odd or even based on the multiplying integer, 
i. By expanding the general linear wave vibration equation and preserving the higher order strain terms, the 
resulting one-dimensional wave equation becomes  








(𝟏 + 𝜷𝜺 + 𝜹𝜺𝟐+. . . )
𝝏𝒖
𝝏𝒙
     (1-10) 
where 𝑡 is time (Landau & Lifshitz, 1959). Solving the equation with the higher order strain terms leads to 
higher order trigonometric solution functions, such as sin2(wt). Through Taylor series expansion, higher 
order trigonometric terms expand to single order trigonometric functions of multiple frequencies, such as 
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cos(iwt) (Hamilton & Blackstock, 1997; Johnson, Zinszner, & Rasolofosaon, 1996). The integer i in the 
resulting single order trigonometric functions corresponds with the generation of integer harmonics.   
This classical constitutive model predicts nonlinear dynamic behaviors such as frequency modulations with 
strain and harmonic generation (Abeele et al., 2000). Specifically, the 𝛿 coefficient generates odd 
harmonics and a parabolic modulus-strain relationship. The 𝛽 nonlinear coefficient generates all 
harmonics and represents a small linearly softening modulus-strain relationship (Abeele, Carmeliet, Ten 
Cate, & Johnson, 2000).  
 
1.3 Review of Existing Fast Dynamic Studies  
The foundational experimental work on nonlinear vibration dynamics in porous heterogeneous materials 
was performed by the Earth and Environmental Sciences Division at Los Alamos National Laboratory. The 
dynamic inspection of nonlinear material parameters has been defined as Nonlinear Elastic Wave 
Spectroscopy (NEWS). Over the past three decades several exciting NEWS behaviors have been published 
(Guyer & Johnson, 2009).  
The recent reported work stems from a set of experiments that began with nonlinear wave mixing behavior 
in rocks acting to generate independent harmonic wave sources (Johnson, Hopson, Bonner, & Shankland, 
1992). The method of exciting the wave mixing behavior was defined as Nonlinear Wave Modulation 
Spectroscopy (NWMS) (Abeele et al., 2000). The presence and relative amplitude of sideband harmonics 
was successfully correlated to damage in several industrial type applications, such as cracked automobile 
parts.   
Concurrently at the same laboratory, Resonant Ultrasound Spectroscopy (RUS) was established. RUS is a 
technique where the elastic constants of a material are extracted by exciting many resonance modes and 
back calculating the elastic constants (Migliori & Sarrao, 1997). RUS employed a method of sweeping the 
frequency of excitation and observing the magnitude of the sample resonance behavior at each frequency. 
Researchers used the RUS excitation protocol along with varying the excitation amplitudes to observe an 
amplitude dependence of the resonant frequency of a nonlinear material (Johnson et al., 1996). The 
broadband resonance spectroscopy technique was defined as nonlinear resonant ultrasound spectroscopy 
(NRUS), while the more focused single-mode technique was defined as single-mode nonlinear resonant 
ultrasound spectroscopy (SIMONRUS).  
In a sweep excitation experimental setup, each additional frequency of interest must be individually excited. 
For a broadband complex resonance spectrum, the time required to perform this task becomes significant. 
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A single mode investigation requires significantly less time due to the faster, more limited, narrow-band 
sweeping pattern.  The reduced investigation time becomes a critical point of discussion when transient 
material effects are being tracked in the frequency domain. As an example, the experimental setup and 
frequency response of a Lavoux Limestone sample tested by SIMONRUS are illustrated in Figure 1.3. The 
key nonlinear parameter extracted was the classical nonlinear peak frequency shift parameter (α)  
𝒇𝟎−𝒇
𝒇𝟎
≈ 𝛼∆𝜺    (1-11) 
where 𝑓0 is the low strain “linear” resonance frequency (Abeele et al., 2000). 
The NRUS/SIMONRUS method has successfully been applied to detect thermal damage in concrete 
(Payan, Garnier, Moysan, & Johnson, 2007). As noted before, the sensitivity of the nonlinearity parameter 
was observed to be an order of magnitude higher than the sensitivity of the linear velocity measurements 
for concrete exposed to increasing thermal damage. During this study, both longitudinal and shear waves 
were used as excitation sources. Minimal differences (8%) were observed between the two wave modes for 
the extracted nonlinearity parameters.  
 
Figure 1.3: Initial nonlinear SIMONRUS experimental setup to sweep over continuous wave frequencies and extract the 
nonlinear resonance behavior of a sample (left). The sensed acceleration data are displayed for multiple driving amplitudes; the 
solid lines represent downward frequency sweeps and the dashed lines represent upward frequency sweeps (right) (Johnson et 
al., 1996, reproduced with permission). 
One limiting artifact of the NRUS experiments is the hysteresis from the previous excitation sources as the 
material is inspected. For example in Figure 1.3, the two different frequency stepping directions do not 
return identical results. This deviant behavior suggests a dependence on previous material history or 
10 
 
conditioning. Due to this peculiar behavior, common spectral measurements techniques, such as half-power 
bandwidth and the resulting quality factor of the resonance, are subject to erroneous artifacts.  
In 2010, a multiple impact instrumented hammer resonance test was introduced for Nonlinear Impact 
Resonance Acoustic Spectroscopy (NIRAS) (Chen, Jayapalan, Kim, Kurtis, & Jacobs, 2010). The NIRAS 
method does not perform a narrow-band excitation sweep. Instead, the modified method performs 
broadband excitation, which excites multiple vibration modes in one test. The simplified excitation routine 
requires additional processing of the resonance signal with a discrete Fourier transform. The peak resonance 
frequencies are then extracted and tracked with impact amplitude from the instrumented hammer. A 
diagram of the NIRAS testing setup is provided in Figure 1.4.  
 
Figure 1.4: NIRAS testing configuration setup for transverse vibration modes using a hammer for impact generation and a 
powered accelerometer receiver (Leśnicki et al., 2012, reproduced with permission). 
The NIRAS data represents peak frequencies, 𝐟, over a range of impact energies and are interpreted across 
the excited frequency range by  
𝒇𝟎−𝒇
𝒇𝟎
= 𝝀𝟏 ∙ 𝜟𝜺 + 𝝀𝟐 ∙ 𝜟𝜺
𝟐     (1-12) 
where 𝜆1, and 𝜆2are proportional to α ,C1 and δ parameters from the classical constitutive equation (Eqn. 
1-9).  
In order to process the recorded vibrational data into the defined nonlinear parameters, strain measurements 
are required. Obtaining the strain field of a non-longitudinal mode is notably difficult and impractical 
without significant restrictions on the geometry and boundary conditions. Recent practice has proposed the 
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use of the amplitude of the resonance mode in the frequency domain as a relative comparison metric for 
tests (Eiras et al., 2015). This strain identification limitation is a significant cost issue in the widespread 
adoption and repeatability of impact-based nonlinear excitation measurements.  
The NIRAS method is derived from a previous linear concrete resonance-testing standard (ASTM C215); 
however, NIRAS extracts the nonlinear behaviors through multiple impacts of increasing amplitude. 
Researchers found the nonlinearity of the resonance frequency shift to be an improved predictor of 
microstructural damage compared to the change in linear resonance change. For example, in a carbonation 
study, the nonlinearity parameter observed a 65% change during carbonation, while the velocity changed 
by only 5% (Bouchaala, Payan, Garnier, & Balayssac, 2011; Kim et al., 2014).  
One challenge that exists in the NIRAS method is the application of controlled multiple impacts. In 2015, 
researchers addressed this limitation by exploiting Short Time Fourier Transforms (STFT) to extract the 
resonance frequency as a function of instantaneous strain, resulting in Nonlinear Single Impact Resonance 
Acoustic Spectroscopy (NSIRAS). Tests following the NSIRAS method of nonlinear measurement have 
successfully identified different damage conditions with nonlinearity resulting from the of thermal shocking 
of concrete specimens (Eiras et al., 2015; Somaratna, 2014).  
Application of the short time Fourier transforms requires the averaging of the material resonance response 
over a preset window size. An alternative fitting method was developed to parametrically fit a time-domain 
resonance signal to determine the resonance frequency and modal damping parameters (Dahlen, Ryden, & 
Jakobsson, 2015). The time-domain feature extraction has the added benefit of consistent units of measure, 
since it requires no processing of the transform functions. Initial tests have displayed improved variability 
in the determination of the nonlinear coefficients for construction materials using the parametrically fit 
solution.  
Building off this evolution of improved signal processing, a recent algorithm called Flipped Accumulative 
Non-linear Single Impact Resonance Acoustic Spectroscopy (FANSIRAS) has been developed (Carrión, 
Genovés, Pérez, Payá, & Gosálbez, 2018). The operating principle behind the algorithm is to leverage the 
strengths of the short time Fourier transform techniques while compensating for the non-uniform energy 
within the windowed duration. The energy compensation is accomplished by using a scaling window size 
and fixing the trailing edge of the window at the end of the collected vibration event. This technique has 




1.4 Review of Existing Slow Dynamic Studies  
All nonlinearity experiments discussed so far have been classical/instantaneous or semi-instantaneous 
(milliseconds) response behaviors of material to direct excitation or within milliseconds of excitation. These 
instant behaviors have been classified as fast dynamics (Guyer & Johnson, 2009) and can be indirectly 
connected to the higher order nonlinearity interactions (Solodov, Krohn, & Busse, 2002) of the classical 
nonlinearity equation. During the investigation of classical nonlinear material behaviors, a second dynamic 
behavior was observed that exhibited response behaviors on a longer time scale. These behaviors have been 
defined as transient nonlinear dynamic behaviors, or slow dynamics (Ten Cate, 2011). Slow dynamic 
behavior manifests as a unique nonlinear stiffness change after a large strain-conditioning event as the 
stiffness slowly (100-1000’s of seconds) relaxes back to an undisturbed state. A plot of resonance 
frequency, comparable to stiffness, during and after a high-strain conditioning event is provided in Figure 
8. The recovery phase, labeled “Conditioning OFF” in Figure 8, after the conditioning event can last a 
relatively long time, on the order of hours, depending on the material sample.  
 
Figure 1.5: Longitudinal resonance frequency excited through NRUS, demonstrating the transient nonlinear dynamic behavior 
or ‘slow dynamics’ recovery, of frequency set up by repeated large amplitude conditioning load applications (Ten Cate et al., 
2000, reproduced with permission). 
The long duration tests require extensive environmental controls to prevent contamination of the material 
samples. Nontrivial environmental sensitivity has been recorded through slow dynamic’s characteristic 
drop in resonant frequency when samples are exposed to temperature changes in either direction (Ten Cate 
et al., 2000). In addition to temperature, sample moisture has also been recorded as a trigger for anomalous 
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resonance behavior (Ten Cate, Duran, & Shankland, 2002). An example of resonant frequency history as 
environmental moisture was adjusted is provided in Figure 1.6. In contrast to reported temperature 
sensitivity, the direction of change in environmental humidity is representative of the loss or gain of 
moisture.  
Initial transient nonlinear dynamic tests were carried out on a wide array of heterogeneous materials 
(including damaged concrete) as illustrated in Figure 1.6. Due to the demonstrated sensitivity to 
microstructural damage effects, significant interest exists for potential uses in heterogeneous material 
characterization. Efforts to use transient nonlinear behaviors for cement material characterization have 
yielded highly variable results (Somaratna, 2014). From previous work, the practicality of transient 
nonlinear behaviors for ASR determination was unsuccessful due to the measurement variability.  
 
  
Figure 1.6: Slow dynamic recovery displaying log(t) recovery behavior for different materials; note the frequency shift is scaled 
to fit all result sets on one plot (left) (Ten Cate, 2000, reproduced with permission); and the peak resonant frequency plotted 
during changing relative humidity conditions for Lavoux limestone(right) (Ten Cate et al. 2002, reproduced with permission). 
Efforts to isolate nonlinear material behaviors have indirectly provided new techniques to probe transient 
nonlinear behaviors, such as the Larsen effect method, the diffuse wave method, and the Dynamic Acouto-
Elastic Testing (DAET) method. The Larsen effect method leverages an acoustic feedback circuit to amplify 
small deviations in a material’s acoustic stiffness (Lobkis & Weaver, 2009). The Larsen effect uses a pair 
of coupled transducers on a material’s surface as a probe, and a mass impact is used as a strain pump. The 
diffuse wave approach replaces the Larsen measurement with a broadband transducer monitoring for long 
time waveforms (Tremblay, Larose, & Rossetto, 2010). The DAET method consists of a permanently 
attached longitudinal piezoelectric pump and a synchronized coupled transverse piezoelectric probe to 
inspect the nonlinear velocity signatures of materials. The wave velocity of the probe is recorded multiple 
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times over the slower cycles of the pump. DAET results confirmed the moisture and microstructure 
sensitivity of the transient nonlinear slow dynamic behaviors in recent experiments (Shokouhi, Rivière, 
Guyer, & Johnson, 2017). DAET has also been applied using a ball impact vibration as a pump with 
successful identification of transient nonlinear slow dynamic behaviors along the surface of a specimen 
(Eiras et al., 2016).  
Most transient nonlinear dynamic results are carried out in cement or natural materials, such as Berea 
sandstone or concrete (M. Scalerandi, Gliozzi, Bruno, & Antonaci, 2012). However, these materials are not 
required for observing transient nonlinear dynamic behaviors. Johnson and Jia performed a series of wave 
propagation experiments on a uniform diameter glass bead pack with successful identification of transient 
nonlinear dynamic behaviors (Johnson & Jia, 2005).  
The transient nonlinear slow dynamic behavior illustrated in Figure 1.5 shows a striking resemblance to 
viscoelastic behaviors; however, the slow dynamic behavior is not a simple viscoelastic manifestation. 
Simple linear viscoelasticity is defined as the strain rate dependence of the stiffness of a material over time. 
Both behaviors demonstrate a changing mechanical material property during a loading event. In contrast to 
viscoelasticity, the transient nonlinear slow dynamic behavior has been shown to reach an asymptotic 
equilibrium of stiffness reduction based upon the dynamic strain reached regardless of loading rate.  
The fundamental driving physics during the slow recovery process are still debated. Darling et al. carried 
out a neutron study that identified that the nonlinear response of rocks manifested within a small volumetric  
area (1 cm3) but above the atomistic level of elasticity (Darling et al., 2006). A review of the field in 2011 
summarized the proposed potential physical manifestation of slow dynamics as the diffuse flow of atoms, 
grain sliding, or intra-crystalline plasticity (Ten Cate, 2011). However, efforts to model and validate these 
manifestations have not been successful to date.  
 
1.5 Review of Existing Nonclassical Nonlinear Models  
The current nonlinear constitutive equations (Eqn. 1-11) are limited in practical scope by the ability of the α 
nonlinear parameter to define the multi-scale hysteretic material memory or transient nonlinear dynamic 
effects. In general, researchers have departed from a direct constitutive model based on thermodynamics, 
and have tried designing material models that fit the observed behaviors. This section summarizes several 
of the modeling theories behind capturing the transient nonlinear slow dynamic behaviors.   
The first modeling method is the Preisach-Mayergoyz (PM) space model (Guyer, McCall, & Boitnott, 
1995). The PM space model defines the bulk material properties through an iterative space based on the 
15 
 
historical material states, as shown in Figure 1.7. The iterative space (PM space) exists to contain distributed 
Boolean relays that represent Hysteretic Mesoscopic Units (HMU) and has two axes of pressure that 
corresponds to the opening and closing pressures. Each HMU can only exist in a closed or open state; each 
state has a uniform characteristic length. The PM space model can consist of thousands of HMU relays 
distributed in space according to a reference experimental observation or a proposed statistical distribution. 
As load is applied, relays are iteratively closed based on their position in the PM space. Upon unloading, 
relays are reversibly opened in a similar fashion that enables a hysteresis effect due to the potential 
difference between opening and closing pressures. 
  
Figure 1.7: Example PM space where greyscale indicates the density of Boolean relays (left); the calculated inverse modulus, 
shown as solid lines, and the measured inverse modulus, shown as dashed lines, performed over the inset loading profile where 
an estimate of dynamic modulus is displayed as open circles (right) (Guyer et al. 1995, reproduced with permission) 
The bulk material properties are determined through the fractional number of relays in each state. A global 
sample length (L), strain ( ), and Young’s modulus (𝐸) are calculated through  
       𝑳(𝑹) = 𝒍𝟎𝑵𝑻 + (𝒍𝒄 − 𝒍𝟎)𝑵(𝑹)      (1-13) 
       𝜺(𝑹) =
[𝑳(𝑹)−𝑳(𝟎)]
𝑳(𝟎)
= −𝜢 𝒏(𝑹)       (1-14) 
                       𝑬(𝑹)−𝟏 = −
𝝏𝜺
𝝏𝑷
      (1-15) 
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where 𝑙0 and  𝑙𝑐 are the open/closed relay lengths, Η is the length ratio [𝑙0 − 𝑙𝑐]/𝑙0, 𝑃 is the pressure, 𝑅 is 
the array of boolean pressure relays, 𝑁 is the number of relays in a closed state, 𝑁𝑇 is the total number of 
relays, and 𝑛 is the ratio of closed relays to the total number of relays.  
The PM space model allows for material properties to adjust based on the testing history. For instance, 
relays that fall on the unity line in PM space open and close at the same pressure, therefore they represent 
the elastic solution as seen in Figure 1.7. As shown in the figure, solutions from the PM model match well 
with quasi-static loading tests on sandstone. The model also highlights behavior features that potentially 
describe the discrepancy observed between static and dynamic modulus in concrete testing (Popovics, 
Zemajtis, & Shkolnik, 2008).  
Unfortunately, one of the inputs for the PM space model is the population of the relays in PM space, which 
is an ill-defined problem (McCall & Guyer, 1996). The PM space model is well suited for characterizing 
how a known rock source will behave over the course of a complex loading scenario. In the case of non-
destructive testing, the inverse problem of behavior characterization is the primary concern and limits the 
practical applications of the PM model. Additionally, the PM space model does not address modeling the 
time-dependent material property behaviors.   
The second generation of the PM model has evolved as a local interaction simulation approach (LISA) 
(Delsanto et al., 2006; Scalerandi et al., 2003). As seen in Figure 1.8, heterogeneous materials can be broken 
down as an integration of relatively hard and soft individual grains. The LISA model aimed to localize the 
regions of soft nonlinearity (interstice) compared to an ideally elastic set of hard grains. This localization 
was performed by merging the relay PM model with a common elastic spring model. The combination 
resulted in a continuous stress strain behavior compared to the discontinuous PM space model. Simulations 
were able to fit behaviors such as harmonic generation (even and odd), and amplitude dependent resonant 
frequency shifting. The LISA model was unable to demonstrate transient material effects such as slow 
dynamics.  
 




Modifications to the original LISA model were performed to the original PM space relay description 
(Delsanto & Scalerandi, 2003; Scalerandi, Delsanto, & Johnson, 2003). In addition to the Boolean behavior, 
two optional relay behaviors were generated with unique probability rates of occurrence. The new relay 
behaviors were defined as random transitions due to thermal activations. These transitions allowed relays 
to return to the initial state at a specific probability. Through the application of these new behaviors, a slow 
probabilistic relaxation effect was observed in simulated tests. Despite the underlying PM space being 
weakly defined, these models aided in isolating a set of potential behaviors that may drive the observed 
nonlinear and time-dependent experimental measurements. 
The PM space and resulting models avoid directly identifying the physical nature of the theoretical relay. 
Other models, such as the adhesion model (Aleshin & Abeele, 2007), the soft ratchet model (O. O. 
Vakhnenko, Vakhnenko, & Shankland, 2005), and the decaying exponentials model (Snieder, Sens-
Schönfelder, & Wu, 2017), utilize the physical properties of potential source defects to explain the observed 
material softening and nonlinear effects. The soft ratchet model defines an internal state variable, defect 
concentration, which experiences exponential defect nucleation or restoration based on material strain 
history and deviation from an equilibrium state. The soft ratchet model was demonstrated to reconstruct 
NRUS slow dynamic measurements in sandstone bars. Similarly, the decaying exponentials model builds 
upon an internal state variable concept of solid pillars bridging a discontinuous gap based upon undefined 
relaxation mechanics that follow the Arrhenius law.  
The most microstructurally focused of the physically based models was based on contact adhesion of a 
rough-surfaced penny-shaped crack (Budiansky & O’Connell, 1976). The slow dynamic behavior was 
again modeled as a thermally activated recovery near the crack tip (Aleshin & Abeele, 2007). The detailed 
method bases the dynamic material resonance behaviors on the opening of roughened cracks, and the 
frequency recovery on the realignment of the disrupted surfaces. However, the discussed contact adhesion 
model does not take into account the influence of environmental factors on the behaviors or consider the 
potential for the disrupted surfaces to smooth over time. As a result, this model does not hold consistent 
with experimental tests that show identical nonlinear transient behaviors occurring repeatedly on a single 
sample (Ten Cate, 2011).  
Improved computation capabilities have enabled a new class of models to be explored. Discrete element 
modeling (DEM) has been investigated to model particle stick-slip and recovery (Ferdowsi et al., 2015; 
Lemrich, Carmeliet, Johnson, Guyer, & Jia, 2017). One example DEM model is based on Coulomb friction 
interaction and constructed out of three granular layers. The outer two layers provide confining stress, and 
the top layer shears the inner layer to induce granular slips. A strain perturbation was introduced to the 
model, and the friction of the inner layer was measured. Perturbation strains on the order of 10-6 were 
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observed to initiate a triggering cascading failure throughout the granular material. In the simulations, 
friction in the granular model was observed to recover slowly after the perturbation ceased. The triggering 
and friction-based recovery trended well with experimental observations. 
Recent modeling efforts have explored building a granular physical justification for the transient nonlinear 
dynamic behaviors, and separately have formulated a viscoelastic-based space to describe the observed 
behaviors. Efforts by Lieou et al. have explored a theoretical loose granular shear transition zone (STZ) that 
leads to a restructuring within the packed grains (Lieou, Daub, Guyer, & Johnson, 2017). The STZ theory 
aligns well with the glass bead experimental measurements conducted by Johnson and Jia (2005). However, 
in the current developmental stage the STZ model is limited to granular material definitions.  
A theoretical nonlinear viscoelastic model to describe transient nonlinear behaviors in solids has been 
formulated (Berjamin, Favrie, Lombard, & Chiavassa, 2017; Berjamin et al., 2018). The fundamental base 
behind this model combined the internal variable of state from the soft ratchet model with several nonlinear 
viscoelastic models. This model demonstrates representative simulation of DAET testing features such as 
conditioning, recovery, and instantaneous nonlinearity. The inputs of this model are an array of parameters 
to define the evolution of the internal variable of state and the nonlinear viscoelastic properties of the 
material. A limitation of this model is the difficulty of determining the input viscoelastic properties for a 
given material and understanding what those model properties physically represent.  
Existing published models are developed and often validated through the fitting of complex model 
parameters to non-trivial experimental data. As a result, input parameters for these models are defined based 
upon previous experimental testing, similar to the PM space model. Identification of a physical base of 
what constitutes a transient defect or asperities remains to be experimentally verified.  
As further theoretical models are created, the level of complexity of the modeling space and input 
parameters continues to grow. However, for practical implementation, the experimental knowledge about 
an arbitrary material sample remains limited to simple physical parameters, such as mass and geometric 
features. Existing models cannot be currently applied to interpret the practical implications of transient 
nonlinear behavioral measurements.       
1.6 Objectives of this Dissertation 
The discovery of nonlinear time-dependent behaviors in cement-based materials has inspired research to 
help better interpret nondestructive characterization of microstructural features and damage. The potential 
for improved nondestructive material characterization has considerable value for efforts to properly manage 
global infrastructure. However, before NDT methods can be deployed practically and effectively, complete 
and fundamental understandings of the physical behaviors that underlie the observed transient nonlinear 
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dynamic behaviors are needed. Behavioral models to date have implemented mathematical definitions of 
defects, while the physical phenomena critical to engineering implementation have not been fully explored.  
Here I propose that critical physical phenomena that influence transient nonlinear dynamic behavior should 
be identified and isolated in order to build a more complete, physically-based mechanistic model. The 
objectives of this dissertation work are:  
1. Explore the extraction and repeatability of a transient nonlinear parameter for measuring slow 
dynamics in neat cement paste. 
2. Create a model for slow dynamic behavior within the context of a cement paste micro-structural 
system that explains and predicts important aspects of observed behavior. 
3. Identify and evaluate a direct civil engineering application, effectiveness of shrinkage-reducing 
admixtures on the unrestrained shrinkage of neat cement paste beams, for the evaluation of the 




Chapter 2 Material Global Scale Experiments 
2.1 Introduction  
Material testing for civil infrastructure materials is a complex task with implications ranging from public 
safety to the effective use of public funds. Most existing testing methods lack sufficient spatial resolution 
to identify microscopic degradation details early enough to prevent extensive, costly damage from 
occurring. Leveraging new measurement techniques, transient slow dynamic measurements, to characterize 
material changes (such as damage) is highly desired. A full summary of transient slow dynamic behavior 
was provided in Chapter 1. The initial work in manually applying transient slow dynamic measurements to 
a standard cementitious testing framework has yielded highly variable observations (Somaratna, 2014). Due 
to the high variability, the feasibility of damage monitoring with transient slow dynamic measurements was 
difficult to evaluate.  
Transient slow dynamic behaviors are a form of non-classical dynamic behaviors and can be observed to 
occur in a wide range of natural materials, such as sandstones, and granites(Ostrovsky & Johnson, 2001; 
Ten Cate, 2011; Ten Cate, Smith, & Guyer, 2000). In these natural materials, structural properties (grain 
size, fractures, and composition) are variable and uncontrolled. Efforts to categorize the manifestation of 
the softening have identified several influential triggers that activate slow dynamic behavior events, such 
as temperature, pressure, and strain (Ten Cate et al., 2002).  
In order to assess the value of transient slow dynamic measurements for nondestructive tests in civil 
infrastructure, a series of simplified automated observational studies need to capture the feasibility of the 
observation, demonstrate the repeatability of the measurement, and identify key material states that 
influence the behavior.  
The Nonlinear Resonant Ultrasound Spectroscopy (NRUS) test is an established method to measure 
material nonlinearity (Abeele & Visscher, 2000; Bentahar, El Aqra, El Guerjouma, Griffa, & Scalerandi, 
2006). However, NRUS has several drawbacks for the work studied here because it may disrupt the natural 
dynamic behaviors and the environmental condition of the material, such as the requirements of a 
permanently attached piezoelectric wafer to the sample and a long slender geometric test sample geometry 
of about 12:1. These two limitations make applying NRUS on cement paste not ideal.  
One solution to avoid these limitations was to extend an existing concrete testing standard, ASTM C215, 
to provide a sequential and consistent controlled level of excitation over time. The existing ASTM C215 
standard was designed to extract a linear dynamic modulus from a cylinder or prismatic sample through a 
specific fundamental vibration mode. The standard defines the support, receiving, and excitation positions 
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to excite a specific vibration mode. The excitation occurs through an impact of a steel ball on the material, 
and the receiver can be a small detachable accelerometer.  
In this chapter, work with a sequential impact test device that was designed, built and applied to prismatic 
samples is described. The device was used to perform transverse vibration measurements with identical 
force impacts over time. The application of multiple high-strain vibration events elicits a slow dynamic 
conditioning behavior as observed in the free resonance frequency of the sample. First, the consistency of 
the impact energy provided by the sequential impact test device was verified and the linearity of the 
complete vibration system was established. Then a series of experiments explored slow dynamic 
conditioning behaviors in neat cement paste prisms under different environmental conditions. Further 
measurements studied the effects of damage levels and moisture. Parallel experiments were carried out on 
a material that has a simple microstructure: solid borosilicate glass block.   
Neat cement paste, described in detail below, exhibits many similarities to the natural materials in which 
the transient slow dynamic behaviors were discovered, such as porosity, strength and multi-scale 
degradation features. In contrast to natural materials, cement paste provides a relatively young 
microstructure with a known material history in terms of moisture and loading. By controlling the sample’s 
loading history, an exploratory series of experiments can be performed to observe how sensitive the slow 
transient dynamic behaviors are to various changes of state.  
 
2.2 Experimental Materials and Methods 
2.2.1 Sequential impact test 
The sequential impact test consists of a multiple impact-driven slow dynamic conditioning phase followed 
by a perturbation free slow dynamic recovery phase. The conditioning phase comprises the time during 
which regularly applied impact events drive high-strain vibration events for a specified number of impact 
events. The recovery phase begins immediately after the conditioning phase during which the sample is at 
rest.  
The sequential impact test records the vibration resonance frequencies during the conditioning phase of a 
test. This is in contrast to the NRUS method, which primarily focuses on the recovery behavior of the test 
(Ten Cate, 2011). The distinction is worth noting because all recovery behaviors require measurements 




The material used in the experiments was neat portland cement paste. The samples were cast into 5 cm by 
5 cm by 19.6 cm prisms with a water to cement ratio of 0.5. Samples were mixed following the procedures 
of ASTM C305. Samples were demolded and moist-cured for at least 28 days after mixing, and then dried 
unrestrained in ambient laboratory conditions for at least 56 days (8 weeks) after the end of moist curing.  
Experimental control and recording were performed by a computer running MATLAB with a digital 
acquisition device and two microcontrollers.  The controls performed the sequential impact tests utilizing 
the electro mechanical device. The timing of the impact events was controlled through a programmed 
interrupt at a period of 4 seconds. The first microcontroller interfaced with the impact device. The second 
microcontroller interfaced with environmental monitoring sensors, for example humidity and temperature 
sensors. The digital acquisition device recorded the signals of the accelerometer to capture the vibrational 
behaviors in time. 
The environmental monitoring sensors deployed were a Sensirion SHT75 for humidity and temperature, 
and a Bosch BMP180 for barometric pressure.  The Sensirion SHT75 sensor has a nominal accuracy of 
approximately ± 1.8% for relative humidity and ± 0.3 C for temperature within the range tested, with a 
response time of 8 seconds. The Bosch BMP180 barometer has a nominal accuracy of ± 400 Pa. 
Environmental parameters were averaged over 30 readings every 5 minutes.   
The vibration sensor used was a PCB 352C15 accelerometer with a PCB 482B11 line-powered ICP signal 
conditioner with ten times amplification. The data were captured with a digital acquisition device, the 
Picoscope 5442A. The sampling rate was 62.5 MHz at 16-bit resolution, such that 3 million data points 
were captured for each impact vibration.  Each vibration signal was captured by the digital acquisition 
device and stored as a compressed MATLAB file. After each sequential impact series, the time-domain 
signals were processed and the peak fundamental frequency was identified for each impact. The outputs of 
the processed results are the peak vibration frequencies over the impact sequence. 
Electro mechanical sequential impactor device 
To extend the existing standard, ASTM C215, to capture slow dynamic conditioning and recovery 
behaviors, the impact excitation must have strictly controlled force and timing. An overview of the 
developed sequential impact test is shown in Figure 2.1. A magnetic impact driver is able to control the 
motion of a ball to cause a single isolated strike and lift off away from the surface of the sample. A small 
accelerometer is fixed at an anti-node of the tested prism as defined in ASTM C215 and records the 
acceleration of the vibration in time.  




Figure 2.1: Illustration representing the sequential impact dynamic vibration test for flexural vibration on a prismatic sample. 
In order to prevent contamination of the recorded behaviors over time, the friction of the rotating armature 
was limited to enable multiple quick impacts. An angular solenoid activated by a microcontroller was 
implemented to achieve repeatable impacts as pictured in Figure 2.2. Current flowing through the coil 
within the fixed magnetic field resulted in a smooth quick force applied to the armature. To optimize 
repeatability, the force was used only to lift the impactor ball; the downward motion was driven entirely by 
gravity.    
 
Figure 2.2: Illustration of the angular solenoid for repeatable impact excitation. 
The magnetic impact driver, when not being driven with a current through the coil, could be configured to 
act as a sensor. During the free fall of the impact ball, the voltage potential across the open circuit of the 
coil leads was proportional to the velocity of the coil moving through the magnetic field. Because the impact 
ball and the coil shared a fixed armature, the voltage signal could verify that an impact occurred and, with 
some calibration, measure the ball’s velocity before and after the impact event. The recorded open circuit 
coil voltage for a single impact event is shown in Figure 2.3. In the figure, the occurrence of the impact 
event is identified as the time where the ball velocity quickly changes direction, which in terms of the 
plotted voltage is at the zero crossing of the voltage signal. Unfortunately, due to the vibration of the 
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armature, the signal after impact requires interpolation to estimate an average velocity. The highlighted red 
and green regions of the measured voltage signal are interpolated to the zero-crossing time, which 
represents the approximate velocity measurements of the ball falling before the impact event and directly 
after the impact event. The before and after impact velocities are denoted in the figure as black stars. From 
the velocity and known mass, kinetic energy can be calculated before and after an impact event.  
 
Figure 2.3: Voltage of the open circuit magnetic impact driver during an impact event occurring at approximately the 10,000th 
measurement time step. 
Consistent device performance was critical to verify that the observed behavior was not an artifact of the 
new measurement system. One method to monitor the performance of the impact device was through the 
energy of the impacts. The energy change of each impact was measured from the impact velocity 
measurements as illustrated in Figure 2.3. The energy change of the impactor due to the impact was 




) ∗ 𝑚 ∗ (𝑉𝑏𝑒𝑓𝑜𝑟𝑒
2 − 𝑉𝑎𝑓𝑡𝑒𝑟
2 ) (2-1) 
where 𝑚 is the mass of the impactor, 𝑉𝑏𝑒𝑓𝑜𝑟𝑒 is the down-going velocity before the impact, and 𝑉𝑎𝑓𝑡𝑒𝑟 is 
the up-going velocity right after the impact. Assuming the voltage is proportional to velocity, substitution 
of the recorded voltages into Eqn. 2-1 for velocity results in a relative measurement of energy. This 
feedback system enables the tracking of the energy imparted into the test sample for each impact event.  
The ball impact location and accelerometer were physically placed on the smooth top surface; two dowel 
bars were used for supports as specified in ASTM C215 in order to excite a fundamental transverse vibration 
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mode. The fundamental transverse mode was selected over the fundamental longitudinal mode so as to limit 
the rigid movement of the specimen during a multiple-impact test series.  
Using the test setup, the peak vibration frequency was expected to correspond with the first fundamental 
resonance frequency. The fundamental resonance frequency is a function of the test geometry and the 
material mechanical properties. For a consistent test geometry, a decrease in fundamental resonance 
frequency corresponds to an apparent decrease in the material’s mechanical properties, specifically Young’s 
modulus.  
Because slow dynamic conditioning was studied here, the parameter of interest was the modulus reduction 
that occurs because of a specific conditioning history. One method to measure this parameter is to record 
the reduction in fundamental resonance frequency during the conditioning phase that is setup by sequential 
impacts. The change in resonance frequencies can be calculated as 
∆𝑓 = 𝑓1 − 𝑓𝑛 (2-2)  
where 𝑓1 is the frequency of the first impact and 𝑓𝑛 is the frequency of the n
th impact of the series. The 
difference in frequency from the first impact to the last impact of a series is referred to as a conditioning 
shift in resonant frequency.  
One principal concern with running a sequential impact test is the potential for non-uniform impact energy 
over time. In order to evaluate the magnetic impact driver’s performance over a series of impacts, the impact 
energy was recorded for a test sample prism of ambient laboratory-dried 0.5 w/c ratio neat cement paste 
over 100 impacts. The sample was allowed to rest for 24 hours prior to testing at ambient environmental 
conditions. If the impact energy is consistent, the softening trends observed are not due to an error in the 
measurement system and are in fact due to the material’s nonlinear behavior.    
 
2.2.2 Linear material vibration  
The next validation of the sequential impact device was to test a known standard linear material. The 
material selected was polymethyl methacrylate (PMMA), which is frequently used in ultrasonic operations 
as a calibration material due to its being a non-porous homogeneous linear material that is optically free of 
defects at room temperature and has a mechanical impedance similar to that of rocks. As a result, no 




The sequential impact test was carried out with a series of one hundred impacts in a four-second period 
with a two-hour period between impact series. Two identical tests were carried out in succession. A prism 
of PMMA was cut with a band saw to the identical dimensions as the previously tested neat cement paste 
prisms: 5 cm by 5 cm by 19.6 cm. The impact test was configured to excite the fundamental flexural 
vibration mode. The peak frequency of vibration was measured and tracked for each of the sequential 
impacts. 
2.2.3 Measurement reproducibility and correlations  
The next critical experiment for the new testing device was to understand the reproducibility and potential 
correlations with indirect testing parameters such as temperature. 
A sequential impact test was performed exciting the fundamental transverse mode of a neat cement paste 
prism (w/c 0.5) sized 5 cm by 5 cm by 19.6 cm at both ambient laboratory conditions and in environmentally 
controlled conditions. The sequential impact test carried out 100 impacts at an impact interval of four 
seconds every two hours. The period between impact sets was a rest period where the sample was left 
undisturbed to recover. The test was performed continuously for three and a half days. Observations 
between recorded environmental parameters and vibration behaviors were compared to identify any 
correlations.  
After correlations were identified, efforts were made to improve the reproducibility by controlling the 
correlated environmental parameters, and the test was repeated. 
The environmentally controlled parameters were temperature and humidity. The temperature was able to 
be maintained constant with a controlled chamber, Associated Environmental Systems FD-21. Humidity 
was controlled with several different saturated salt solutions following the specifications of ASTM E104 in 
a sealed moisture chamber. The nominal target environmental parameters for this study were temperature 
controlled at 32 °C and a humidity of 22% RH maintained with a potassium acetate solution.   
2.2.4 Significance of moisture and damage experiment  
The next stage of observing the global nonlinear transient dynamic behaviors was to build a sample dataset 
with various levels of damage and moisture. The objective of this investigation was to identify a driving 
material condition behind the generation of nonlinear transient dynamic behaviors.  
The material used for this experiment was neat portland cement paste. In order to maximize any effects 
present in the material due to the porous microstructure, a high water-to-cement ratio of 0.8 was used. 
Cement paste was mixed in accordance with ASTM C305. Prisms were cast in 5 cm by 5 cm by 19.6 cm 
steel forms lined with oil to aid in demolding conforming to ASTM C192. Prisms were covered with two 
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moist 0.15 mm thick plastic sheets for 24 hours until demolding. After demolding, specimens were cured 
in a moist chamber conforming to ASTM C511.  
The testing protocol followed for this investigation was to test specimens before and after the prisms were 
treated with different combinations of damage and moisture conditions. An outline of the testing plan is 
shown in Figure 2.4. Prior to implementing the testing plan, all specimens were completely saturated by 
remaining in the moist curing room since creation.  
 
Figure 2.4: Flow diagram that shows experimental sample testing and conditioning plan. 
Twenty prisms were cast and moist-cured for at least three months prior to testing. Four test groups were 
generated that included each combination of two levels of damage and moisture. The groups were defined 
as pristine wet, naturally dry, damaged wet, and damaged dry. The pristine case was defined as being in the 
mechanical condition present at the end of curing. The damaged case was defined as being exposed to fast 
temperature changes due to saturated thermal shocking. The wet moisture case was defined as always being 
stored at above 97-100% humidity. The dry case was defined as being slowly dried down to 50% relative 
humidity, with an intermediate step at 80% humidity. The naturally dry condition was a pristine sample 
that had been slowly dried to limit any significant potential shrinkage damage.  
The damage procedure implemented during this investigation was a saturated thermal shocking. This 
method of damage was selected to maintain a uniform level of damage across the five prism samples and 
to maintain a completely saturated moisture state. Two water baths were maintained at 4°C using ice water 
and at 80°C using an electric heater.  Prisms in the damaged groups were cycled first to the cold bath for 
20 minutes then to the hot bath for 20 minutes; this procedure was repeated for two full cycles. To monitor 
internal prism temperature, an extra prism was drilled, and a thermocouple was inserted into the center of 
the extra prism. The temperature history of the extra prism is shown in Figure 2.5. The captured internal 
temperature profile shows uniform shocking behaviors for the two cycles of identical damage.  
The implemented drying procedure was designed to gradually remove the moisture within the saturated 
porous cement paste while limiting the damage due to drying shrinkage cracking. Two components have 
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been identified as being critical to the observation of shrinkage damage, the evaporation rate and the level 
of hydration of the cement (Mindess et al., 2002). These components were mitigated; first, the prisms were 
allowed to reach mature hydration stages by curing in a moist-cure environment for three months prior to 
testing. Second, the evaporation rate was controlled by slowly stepping down the humidity of the drying 
environment. 
 
Figure 2.5: Temperature profiles from embedded thermocouple within samples during two saturated thermal shocking events 
between an ice bath and heated water bath. The first shocking cycle is colored blue and the second shocking cycle is colored 
orange. 
  
Figure 2.6: Gradual drying mass loss of damaged and pristine groups of neat cement paste prisms over time in a controlled 
relative humidity environment. Mass loss ratio is defined as mass loss at a specific time to the initial mass of cement prism.  
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After the damaged set was created, prisms in the dry sets were slowly dried by being placed in a sealed 
23°C temperature and 80% relative humidity chamber controlled by saturated potassium chloride for one 
week. After one week, the prisms were dried further in a 50% relative humidity chamber. Mass 
measurements were taken at 1, 3, 7, 14, and 21 days after the start of drying and at least every 21 days 
thereafter. The relative mass loss of each prism over time is shown in Figure 2.6. Once the change in the 
mass loss ratio was identified as less than .01 per day for all prisms, the drying protocol was defined as 
completed. The recorded mass loss ratio resulted in a consistent trend among most of the samples with an 
average mass loss of 25% of the original mass. The two bounding outliers clearly seen in the figure represent 
the minimum and maximum mass loss of 22% and 31%. This confirms that the drying protocol was 
consistent between the two groups of dried condition prisms being tested. 
To build confidence in the material states of the sample groups, additional measurements of damage 
identification were performed. The first measurement was high-resolution optical scanning. The dried 
blocks were scanned at 4600 dpi. Cracks were identified manually through visual inspection and traced to 
confirm that the material states represented different levels of damaged specimens.  
The second implemented measurement technique was ultrasonic pulse velocity as documented in ACI 
218.2R (ACI Committee 228, 2013). An ultrasonic pulser and receiver device, the Proceq Pundit, was used 
with 54 kHz transducers to measure a pitch-catch wave transmission. The time of flight of the transmission 
was recorded along with the geometric distance traveled. These two values were used to compute a wave 
velocity in the prism. Wave velocity is proportional to the square root of the modulus and inversely 
proportional to the square root of the density. As a sample is damaged by cracking, the velocity will 
decrease. Wave velocity was measured three times for every prism.  
The impact testing was performed following the previously described sequential impact testing method. 
One hundred impacts were recorded with four second spacing between impacts. The sequential impact 
testing was performed on a two-hour cycle for twenty-four hours. The final four sequential impact test 
datasets were collected and processed for two summarizing parameters. The first parameter was the initial 
fundamental resonance frequency, which was used to calculate the linear dynamic modulus as defined by 
ASTM C215. The second parameter was the shift in the fundamental resonance frequency during the 
duration of a single sequential impact test series. The shift in frequency over a single sequential impact test 
series was used to characterize the transient nonlinear slow dynamic behaviors observed.  
2.2.5 Solid and cracked glass block experiments  
The final study performed in this global scale experiment series was to explore the presence of slow 
dynamic nonlinearity in a non-porous brittle material in both a pristine and damaged state.  
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The non-porous brittle material selected was a solid, transparent soda-lime glass block. The blocks used are 
a standard architectural material used in building design and were acquired from Seves Glass Block in the 
Czech Republic. These blocks in the pristine condition were optically clear of defects and contained very 
few small (<1 mm diameter) voids. The block measured 24 cm by 11.7 cm by 5.3 cm in dimensions and 
had a mass of 3.5 kg.  The block was brought to equilibrium testing conditions at 32°C and 80% relative 
humidity. The block was initially tested in a pristine condition and then in a damaged condition with 
sequential impact testing identical to the previous test. 
The damaged protocol for the glass block was performed through thermal shocking to encourage a uniform 
distribution of damage. The glass block was heated in an oven to 100°C for 24 hours and then submerged 
in 23°C water for 30 minutes. After submersion, the block was returned to the oven and dried for 24 hours. 
After drying, the block was placed in a temperature and humidity controlled environment at 32°C and 10% 
relative humidity and allowed to equilibrate for 24 hours. The damaged block in the sequential impact-
testing device is shown in Figure 2.7. The glass block was then tested with sequential impact tests of 100 
impacts every two hours for a 24-hour period. At the completion of 24 hours of testing, the humidity was 
raised to 80% and the system was allowed to equilibrate for an additional 24 hours. After the equilibrium 
period, the glass block was tested with sequential impacts again.  
 
Figure 2.7: Solid soda-lime glass block in thermally shocked damaged state on sequential impact test device. 
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In addition to the recording of transient slow dynamic nonlinearity, another method of processing that can 
be performed on the sequential impact dataset is the extraction of any resonant frequency shifting during a 
single vibration impact. The single vibration impact processing is called NSIRAS and is reported to 
represent the opening and closing of cracks due to the level of instantaneous strain during the vibration 
(Eiras, Monzó, Payá, Kundu, & Popovics, 2014). The change in frequency during a single impact event 
was calculated based upon the collected impact vibration data for the block in each damage and moisture 
states.   
 
2.3 Experimental Results 
The results for each experiment will be presented and the significance of each result will be addressed in 
the following discussion section.  
2.3.1 Sequential impact test results 
The measurement of a transverse vibration acceleration due to a single automated impact created by the 
sequential impact-testing device on a cement paste prism is shown in the left inset of Figure 2.8. The 
vibration lasts for approximately 20 milliseconds and displays a single principal mode of vibration 
corresponding to the transverse configuration. The frequency spectrum of the recorded signal is shown on 
the right inset. The peak fundamental transverse resonance frequency is labeled with a red circle and occurs 
at approximately 3060 Hz.  
 
Figure 2.8: Single impact vibration time signal (left) and discrete frequency spectrum (right) with the fundamental transverse 
frequency identified by a red circle.  
The results of a sequential impact test on a neat cement paste prism with 300 impacts are shown in Figure 
2.9 for linear, left inset, and log-linear, right inset, scales. Each impact event is characterized by extracting 
the peak fundamental frequency of vibration. The vertical axis is the fundamental transverse frequency of 
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each impact. The horizontal axis is the order of the impact in the sequential series. The initial impact of the 
sequential impact test displays the largest fundamental resonance frequency. Subsequent impacts display a 
reduction in resonance frequency that suggests a softening of the material’s mechanical behaviors. This 
softening behavior indicates the effect of slow dynamic conditioning on the material sample.   
 
Figure 2.9: Linear (left) and semi-log (right) plots of fundamental transverse frequency recorded during sequential impact 
testing of dry cement paste (0.5 w/c) in uncontrolled laboratory conditions. 
The results of multiple sequential impact tests are shown in Figure 2.10. The horizontal axis is time in 
hours, and the vertical axis is the extracted fundamental transverse resonance frequency of each impact. 
The individual impacts for each sequential impact test overlay to display a shape similar to a reversed letter 
‘J.’ This dataset displays a recovery of resonance frequency or stiffness during the periods where no impacts 
are occurring. Also observed in this dataset are trends that affect both the maximum fundamental resonance 
frequency recorded on the first impact and the magnitude (height) of the reversed ‘J’ shape.  
 
Figure 2.10: Multiple repeated sequential impact tests with intermittent rest periods performed on a two-hour recovery cycle on 
cement paste in an uncontrolled laboratory environment. 
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2.3.2 Uniform force validation results 
The recorded vibration frequency of each impact is plotted, illustrating the characteristic softening of the 
fundamental transverse vibration frequency shown in Figure 2.11. The secondary axis represents a 
measurement of relative energy reduction in the falling steel ball due to the impact event. The value of 
energy over time represents the repeatability of the sequential impact device to impart a consistent 
excitation impulse source to drive the vibration. The recorded value is highly variable; however, no 
systematic trends during the many impacts are observed. The purpose of this value is to verify that our 
automated system does not have systematic nonlinearities in the energy of the impulse source.  
 
Figure 2.11: Peak fundamental transverse resonance frequency of prismatic neat cement paste sample over sequential impacts 
and extracted square root of impact energy from the dynamic magnetic impactor.  
 
Figure 2.12: Fundamental transverse vibration frequency of a sequential impact series on Polymethyl Methacrylate (PMMA) to 
test linearity of the excitation and measurement system for two identical tests, first test (top) and after a two-hours recovery a 




2.3.3 Linear material vibration results 
The results from two different sequential impact tests performed at ambient laboratory conditions on a 
prism of PMMA are shown in Figure 2.12. Each plot presents the peak fundamental flexural vibration 
frequency from each distinct impact event over the series of 100 impacts. No consistent change in transverse 
resonance frequency over the series of impacts was observed.   
2.3.4 Measurement reproducibility and correlations results 
A plot of the fundamental resonance frequency for multiple sequential impact tests on a neat cement paste 
prism over a time-period of days is shown in Figure 2.13. Mass and geometry were unchanged during the 
duration of this experiment. The initial impact of each sequential impact set was observed to always be the 
highest frequency of each test, although the frequency varies significantly from test to test. The initial 
impact of each sequential impact test represents the standard linear dynamic measurement captured by one 
single uncontrolled impact.  
 
Figure 2.13: Sequential impact tests run on neat cement pastes over a 2-hour test cycle period in ambient laboratory conditions 
over the course of five days.  
The results of the multiple-day sequential impact study shows that varying laboratory conditions disrupt 
reproducible measurements using this vibration technique. Parameters influencing the inconsistent results 
must be identified, controlled, and verified before sequential impact tests can be explored for practical 
applications.  
Several ambient environmental characteristics are shown compared to the absolute resonance frequency in 
Figure 2.14. The resonance frequency, which is proportional to Young’s modulus, does not display 
significant visual correlation with the relatively small long-term temperature changes over time. Stronger 
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correlations are observed between the absolute resonance frequency and relative humidity and, inversely, 
between absolute resonance frequency and barometric pressure.  
 
Figure 2.14: Absolute sequential impact test results compared with recorded laboratory temperature (left), relative humidity 
(middle), and barometric pressure (right).  
The shift in resonance frequency over a sequential impact test displays the transient slow dynamic 
nonlinearity motivated by a sequential impact test. The significant identified environmental parameters 
(temperature, humidity, and pressure) are compared to the shift in resonance frequency during each 
sequential impact test in Figure 2.15. The observed slow dynamic behavior approximately doubles in total 
frequency shift during the three-day testing period of this experiment. Compared to several significant 
variables, a correlation with barometric pressure and an inverse correlation with relative humidity were 
observed.  
 
Figure 2.15: Shift in fundamental resonance frequency for sequential impacts relative to the first impact compared with recorded 




Figure 2.16: Sequential impact test results on a neat cement paste sample recorded within a controlled temperature and relative 
humidity chamber to reduce variability. 
The results of an environmentally controlled, 32°C and 22% relative humidity, sequential impact test are 
shown in Figure 2.16. The variability from one sequential impact test to the next is significantly less than 
in the previous uncontrolled-environment cases. The reduced variability allows a single plot to capture both 
absolute linear frequency change over time and transient nonlinear softening changes over multiple 
sequential impact tests.  
In order to control repeatability, all of the following experiments in this document were performed with 
controlled environmental humidity and temperature.  Unless otherwise stated, the temperature was set at 
32 ± 1°C and the relative humidity was fixed at 50% ± 5%. 
2.3.5 The significance of moisture and damage experiment results 
The significance of the moisture and damage experiment was intended to identify the root cause behind the 
transient behaviors in a series of samples with different conditions. The test protocol was carried out as 
planned and the verified damage and moisture conditions were monitored with temperature and mass 
measurements. The results of the sequential impact testing were processed to generate a dynamic linear 
modulus as defined by ASTM C215 and a transient slow dynamic frequency shift as defined in Section 2.2.  
The results of the standard dynamic linear modulus test from the fundamental flexural resonance mode are 
shown in Figure 2.17. Because all samples started in the saturated pristine case, the before dataset is 
presented as Case 0 and the after-condition dataset is presented as Case 1 for each of the testing group 
conditions. Each group consists of five replicate blocks tested four times; for example, each bar in the figure 
represents 20 sets of data. The control condition group, called saturated pristine, displays no change in 
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dynamic linear modulus from the initial measurement to the final measurements. The saturated damaged 
case displays a slight median decrease in modulus after being thermal shocked. The naturally dry case 
displays a decrease in linear dynamic modulus solely from gradual removal of water through ambient 
evaporation. The dry damaged case presented the largest reduction in dynamic linear modulus. The 
magnitude of reduction in median linear dynamic modulus due to the pristine slow evaporation of moisture, 
1.42 GPa, was larger than the magnitude of reduction measured for saturated thermal shocking damage, 
0.21 GPa.  
 
Figure 2.17: Linear transverse fundamental resonant dynamic measurement of elastic modulus in neat cement paste prisms in the 
saturated pristine condition, Case 0 (red bars), and the representative test condition, Case 1 (blue bars). The height of the bar 
represents the 50% confidence interval for five separate bars of each group tested four times each bar. 
Results from the sequential impact testing for only a single prism from each condition group are shown in 
Figure 2.18. In the plots, the frequency shift from the initial point (vertical axis) is plotted against the 
number of impacts for a series of three tests (horizontal axis) in both the Case 0, before, and Case 1, after 
conditions. In all groups, Case 0, the saturated pristine condition, displays no significant trend with impact 
number. The lack of transient conditioning behavior corresponds with an ideal linear elastic behavior of the 
material. For the after condition in the saturated groups, Case 1, no distinct change from linear behavior 
was observed. Specifically, the saturated damaged group behaves linearly with no slow dynamic 
conditioning observed. The only visually significant change occurred for the dried damaged condition 
group after the application of the thermal shocking damage and subsequent drying. The dried damage group 
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after condition, Case 1, displayed a reduction of 1.33 Hz in resonant frequency during the application of 
100 impact events.   
 
Figure 2.18: Sequential impact test results for four selected neat cement paste samples in the saturated pristine condition, Case 0 
(blue), and then the same sample in the later representative test condition, Case 1(red). The representative test conditions are 
saturated pristine (top left), saturated damaged (top right), naturally dried (bottom left), and dried damaged (bottom right).  
The aggregation of the sequential impact testing resonant frequency shifts for the five replicates in each 
condition group is shown as a box plot in Figure 2.19. A summary of the median change in resonance 
frequency is summarized in Table 2.1. The results mirror the individual prism results presented in the 
previous Figure 2.18. In this box plot, the sequential impact testing resonance frequency shifts observed in 
the before, Case 0, conditions are plotted with the after, Case 1, conditions for each of the conditioning 
groups. The change between the two cases represents the effect of the damage or moisture condition on 
modifying the transient dynamic nonlinear frequency shift over 100 sequential impacts. Only one 
conditioning group, dried damaged, displayed a significant change in slow dynamic resonance frequency 
shift beyond the 95% confidence intervals of the measurement.  In this experiment, the repeatability of the 
measurement, as indicated by the relative size of the 95% confidence intervals, was observed to be constant 




Figure 2.19: Sequential impact test results of the fundamental transverse resonant frequency shift during one series of impacts in 
neat cement paste samples for the saturated pristine condition, Case 0 (red), and the representative test condition, Case 1 (blue), 
for four different test conditions. The height of the solid bar represents the 50% percentile confidence interval for five separate 
prisms of each group tested four times each case. 
Table 2.1: Sequential impact test summary of the median change in fundamental transverse resonance frequency shift during a 
100-impact test. 
Moisture Condition Damage Condition Median Total Change in 
Frequency (Hz) 
Saturated (99% RH) Pristine 0.33 
Saturated (99% RH) Damaged 0.08 
Partially Saturated (55 % RH) Naturally Dried 0.18 
Partially Saturated (55% RH) Damaged 1.33 
 
Additional comparisons of the damaged state 
Scanned photographic images were collected at high resolution from the surface of a representative block 
for each dry condition to verify the created damaged state. The collected images for dry damaged and 
naturally dry are shown in Figure 2.20. The damaged condition displays one large visible crack on the 
surface, while the naturally dried condition does not display any visible cracking. Owing to the high water-




Figure 2.20: Surface photos, with enhanced contrast, to facilitate crack identification, of a two thermal-cycle induced damage 
condition on dry cement paste (w/c=0.8) prism, damaged (left), and undamaged naturally dried (right). Vertical size of image is 
2.5 cm. 
This measurement adds an additional verification that the conditioning protocols generated groups with 
uniform and repeatable amounts of damage. Further verification of the damaged state of each dry condition 
group was measured through an ultrasonic velocity measurement. The velocity measurement was carried 
out after all impact tests were completed. The results of the ultrasonic velocity measurements are 
summarized in Figure 2.21. The wet pristine condition was found to have the largest median velocity, 
followed in order by the wet damaged, naturally dry and dry damaged condition groups. This order of 
material stiffness mirrors the order recorded by the linear dynamic elastic modulus testing, Figure 2.17. The 
statistical calculation of the confidence intervals demonstrate that only the dry damaged condition group 
exhibits a statistically significant difference in velocity value.  
2.3.6 Solid and cracked glass block results 
The transient slow dynamic conditioning results of a sequential impact test on a glass block in two different 
damaged conditions are shown in Figure 2.22. The pristine case displays a linear behavior with no visible 
slow dynamic conditioning trends seen in the series of 100 impact events. The two measured damaged cases 
do display slow dynamic conditioning occurring within the 100 impacts. The damaged case at higher 





Figure 2.21: Ultrasonic pulse velocity measurement repeated three times for five replicates of each sample condition group. 
Black bars represent the 95% confidence intervals, the blue box represents the 50% confidence intervals, and the red line 
represents the median of the condition group.  
At an identical damaged state, but a lower humidity (10%), the low humidity damaged test displays a 
smaller resonance frequency shift of approximately 13 Hz. Based on the two humidity levels tested for the 
damaged glass specimen, a 78% difference in transient nonlinear slow dynamic behavior was observed in 
the shift of the flexural resonant frequency.   
 
Figure 2.22: Sequential impact fundamental transverse resonant frequency shift in glass block sample for two damage states and 




Figure 2.23: Single-impact windowed frequency shift, NSIRAS, for the glass block sample calculated on the first (001) and last 
(100) signal from sequential impact test for different damage and moisture conditions.  
The results of processing the first and last signal of the 100 impacts sequential impact series using the 
NSIRAS processing algorithm are shown in Figure 2.23. The vertical axis of the plot is the maximum 
recorded acceleration in the windowed signal subsection, which can be considered proportional to strain 
(Shokouhi, Rivière, Lake, Le Bas, & Ulrich, 2017). The horizontal axis of the plot is the difference in 
frequency between the windowed signal subsection and the last windowed signal subsection in a single 
impact signal. The processed data series are presented for the first (#1) impact of the series and the last 
(#100) impact in the sequential series. The pristine case displays no significant shift in frequency during 
the damped vibration event, so the NSIRAS results overlie each other in the plot. The damaged low 
humidity case displays an observable shift with frequency during a single impact event. The first (#1) and 
last (#100) damaged low humidity impacts in the 100-impact series display similar results, often 
overlapping. The damaged high humidity case has the largest observable shift with frequency during a 
single impact event. The first and last high humidity impacts of the 100-impact series display different 
shifting behaviors over a single impact and do not overlap.  
 
2.4 Discussion 
2.4.1 Sequential impact test 
Each sequential impact test on ambient dried neat cement paste displays a pattern of continuously 
decreasing resonance frequency. The decreasing frequency represents the softening of the modulus over 
time during impact excitation, which is attributed to the conditioning phase of slow dynamics. The reduction 
in frequency when exposed to an excitation event mirrors the results reported with other testing techniques 
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such as the Larson effect and DAET  (Lobkis & Weaver, 2009; Rivière, Renaud, Guyer, & Johnson, 2013; 
Ten Cate et al., 2004).   
From the calculated impact energy data in Figure 2.11, no clear trend over time exists in the energy of the 
impact. The repeated excitation results in a decrease of dynamic stiffness as measured through vibrational 
transverse fundamental resonance frequency. The measured impact energy and transient nonlinear 
behaviors observed through sequential impact testing provides confidence that the recorded nonlinear 
behaviors were a feature of the material and not a feature of the testing system.  
2.4.2 Linear material vibration 
The frequency of the fundamental flexural resonance mode remained constant for a PMMA prism, a known 
linear material at low-frequency inspection at room temperature, during repeated application of impact 
events.  The two repeated tests demonstrated no transient nonlinear trend of vibration behaviors throughout 
the sequential impacts. The lack of transient trend affirms the expected linear behaviors of the material 
measured with the new sequential impact device.  
The combination of consistent impact energy with the measurement of linear behaviors provides confidence 
that the testing device was extracting behaviors that were representative of the material rather than the 
testing approach. These two validation studies confirm that the automated sequential impact device 
provided a valid platform for monitoring material-level nonlinear vibration behaviors.  
2.4.3 Measurement reproducibility and correlations  
The multiday measurement of sequential impact testing provided a baseline understanding of the variability 
of resonance frequency measurements from one test situation to another. The first impact is interpreted to 
be the undisturbed linear dynamic vibration behavior. In this multiday measurement, the linear dynamic 
vibration behavior changed significantly compared to the extent of the transient nonlinear features. This 
observation suggests the need to understand influencing factors on this test technique. 
By comparing the changing linear dynamic vibration behavior with measured environmental parameters, 
strong correlations were observed. These correlations help identify what series of controls are required in 
order to properly characterize the repeatability of impact vibration testing. Specifically, ambient moisture 
and temperature must be controlled to reduce variability. Additionally, barometric pressure contributes a 
small amount toward the measurement variability, but in these experiments, the influence of pressure was 
deemed insufficient and thus was not controlled.  
An identical procedure of environmental correlation was carried out with the transient nonlinear resonant 
frequency shift. The strongest correlation existed with the measured relative humidity. The earlier research 
44 
 
proposed that the softening behavior was believed to be entirely a factor of the solid components of the 
cementitious matrix where the humidity change would trigger the solid behavior to occur (Ten Cate et al., 
2002). My new observations suggest that the softening behavior should be described by a composite 
moisture relationship that affects the solid behaviors. The correlation of the transient nonlinear magnitude 
with the ambient moisture vapor concentration provides a unique insight into the understanding of the slow 
dynamic conditioning behavior.   
The sequential impact tests performed under controlled temperature and humidity environments exhibit a 
significant reduction in variability of the absolute frequency of the flexural resonance mode. The reduction 
in variability enables both the linear absolute frequency and the nonlinear shift in frequency with a 
sequential impact to be visualized on the same vertical scale of frequency.  
2.4.4 Significance of the moisture and damage experiment  
The experimental exploration of environment control and damage exposure enabled a statistical approach 
to documenting the transient nonlinear slow dynamic behaviors observed in sequential impact testing.  
The saturated pristine condition group displayed no statistically significant change in dynamic modulus 
during sequential impact testing. Because these samples were kept in an identical moisture and damage 
state for both tests, this group acts as a control and validates that there is no bias in the tests performed at 
different times (the initial before condition or three months later in the after condition). For the wet damaged 
condition group, a small uniform decrease in the median dynamic modulus was observed. This suggests 
that the thermal shocking did cause disruption (cracking) to the microstructure of the cement paste prism 
samples. For the naturally dry group, a large reduction in dynamic linear modulus was observed during 
sequential impact testing. The naturally dry group highlights the significance moisture plays in the role of 
the dynamic mechanical properties of porous solids. The loss of moisture in the naturally dry group had a 
relatively larger influence on the dynamic modulus than a significant thermal shocking event had in the wet 
damaged group. The final group tested was the dry damaged group, which showed the largest difference in 
median dynamic modulus of all groups between the before, Case 0, and the after, Case 1, treatment 
situations. The results from the dry damaged group confirmed that the addition of the damage and the 
moisture both added unique components that led to a measured reduction in dynamic modulus.  
The dynamic linear modulus measurements demonstrate the variability of testing a brittle porous material. 
The calculated modulus on identical prisms resulted in a 95% confidence interval of approximately 1.5 
GPa, which for an undamaged prism represents approximately 18% of the total dynamic modulus. Because 
of this relatively large variance, identification of one saturated damaged block from one saturated pristine 
block, a change of approximately 2.6%, is not statistically valid using the dynamic linear modulus. 
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Additionally, the influence of moisture loss on the absolute dynamic modulus is larger than the influence 
of microstructural damage. For example, a thermally damaged sample sprayed with water may have a 
higher linear dynamic modulus than a less thermally damaged sample that has not been exposed to water. 
The effect of pore moisture poses significant challenges for applying linear modulus based vibrational 
techniques to inspecting in-situ (uncontrolled environment) structures for damage. 
The sequential impact testing measurements of transient nonlinear slow dynamic behaviors were 
summarized by the conditioning shift in resonance frequency over an impact series. In all condition groups, 
except dry damaged, no significant change in the shift in resonance frequency over 100 impacts was 
observed. This result initially appears to be in contradiction to literature published on pristine sandstones 
and pristine concrete where transient nonlinear dynamic behaviors were observed (Ten Cate et al., 2000). 
However, the materials from the literature in their “pristine” condition contained components that have both 
structural discontinuities (drying damage) and ambient environmental moisture levels. Additionally, due to 
the nature of geomaterials, such as stone and cementitious composites, the microstructure is highly 
disordered. This disordered microstructure can permanently trap moisture in inclusions and generates 
tortious pore pathways (Aligizaki, 2006), which makes an absolute comparison of environmental sensitivity 
difficult. The new observations in neat cement paste did not observe transient nonlinear behaviors in the 
case of a microstructure that has always existed in a saturated state regardless of damage condition.  
Additionally, once the identical samples were damaged and dried in an ambient environment, partially 
saturated, the transient nonlinear slow dynamic behaviors matched the previous literature’s findings on 
geomaterials.  
In contrast to the linear dynamic modulus test, the sequential impact test was able to distinguish a dry 
damaged condition with 95% confidence against any of the other condition groups studied. If a test is 
designed so that the moisture state of the test specimens is controlled, the sequential impact testing 
measurement of the transient nonlinear slow dynamic behavior can provide improved damage classification 
over linear testing methods. The improved damage classifications can occur because the confidence 
intervals for each dried condition group of the transient frequency shift are distinct, whereas the confidence 
intervals of the linear dynamic modulus overlap between dried damaged and naturally dried condition 
groups.  
2.4.5 Solid and cracked glass block experiments  
The previous results section concluded that thermal shock damage/cracks and moisture appeared as the 
driving forces behind the manifestation of transient nonlinear slow dynamic behaviors. To confirm these 
observations, we chose to investigate a linear homogeneous non-porous material, soda-lime glass, that 
contains different levels of damage, cracking, exposed to different ambient humidity levels. Transient slow 
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dynamic or memory behaviors were observed in the cracked non-porous media and were highly dependent 
upon both ambient moistures.   
The NSIRAS processed data suggest that the instantaneous strain-dependent components of nonlinear fast 
dynamic material responses were also moisture dependent.  These observations have been partially 
confirmed in recent studies (Abeele, Carmeliet, Johnson, & Zinszner, 2002; Shokouhi et al., 2017). These 
moisture dependent observations highlight the critical need to understand the fundamental physical 
mechanism behind the transient slow dynamic material behaviors. Once a physical mechanism is defined, 
a testing protocol for safe, reliable damage estimation can be explored.  
In contrast to natural or cementitious materials, the solid glass block has a domain of simplified chemistry 
and elasticity. The observation of slow dynamic behaviors in the simplified glass material proposes that the 
transient nonlinearity is due to an interface interaction between the solid matrix and an ambient moisture 
vapor state in the cracks. This simplification inspired the creation of a new slow dynamics model focused 
on granular contract without the need for direct characterization of the complex pore structures present 
within geomaterials, such as sandstone.  
 
2.5 Summary 
Transient nonlinear slow dynamic material behavior is influenced by previous mechanical events that set 
up material conditioning. To reduce the variability in the measured behavior, those previous events must 
be strictly controlled in terms of energy and timing. Impact energy is a critical factor to consider when 
designing an experimental procedure for extracting repeatable transient slow dynamic behaviors. In the 
global experiments reported here, impact energy was controlled through a fast-acting computer controlled 
mechanical armature called the sequential impact test device.  
Use of this device enabled the identification of critical laboratory parameters that affect the results and 
disrupt the repeatable measurement of transient dynamic material behaviors. Because prior efforts to 
measure transient dynamic material behaviors with impact excitation relied on manual operator 
participation, steady-state environmental isolation was impractical to achieve. Because of the automated 
impact system, an environmental isolation could be provided, and improved data repeatability was 
demonstrated.   
The neat cement paste study reported here explored the significance of environmental and damage 
conditions on each parameter in terms of transient nonlinear slow dynamic behaviors. Paste samples from 
saturated pristine, saturated damaged and naturally dried condition groups displayed no significant transient 
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slow dynamic behaviors. Paste samples from the dried and damaged condition group displayed significant 
transient slow dynamic behaviors compared to the other conditions. The results suggest that both cracking 
discontinuities and a partially saturated void space are needed to set up observable transient slow dynamic 
behaviors.   
Based on these observations, it is reasonable to deduce that nonlinear testing must consider the 
environmental moisture state if repeatable tests and reliable damage detection are desired.  
To study this hypothesis, transient slow dynamic behaviors were measured in nonporous damaged 
materials: glass blocks. The vibration behaviors of the cracked glass blocks demonstrated significant 
transient and instantaneous nonlinear dynamic behaviors with observed sensitivity to environmental 
moisture. The glass block dataset confirmed that the combination of discontinuities and moisture constitute 
reasonable driving factors for the formulation of a physically based slow dynamics model. 
The glass block experimental dataset reinforces the universality of nonlinear dynamics as long as the 
required conditions are met. Thus, the damage and moisture requirements identified here for transient 
nonlinear behaviors do not depend upon the underlying solid composition. Despite vastly different 
microstructural features between cracked glass and cement paste, the transient nonlinear slow dynamic 
behaviors demonstrated the same responses to both damage and moisture.  
The objective of these global experiments was to observe the transient slow dynamic behavior and to 
document the feasibility of using a sequential impact device to consistently record parameters. This 
objective was achieved; the presence of discontinuities (cracks) and environmental moisture within the 
microstructure are required and are key influences in the generation and magnitude of the transient 




Chapter 3 Material Micro Scale Experiments 
3.1 Introduction 
The global vibration studies of Chapter 2 highlight the importance of environmental controls on the 
repeatability of observing transient nonlinear slow dynamic behaviors. Environmentally controlled electron 
imaging has been eminent in other studies of cement microstructure to identify environmentally influenced 
physical features, such as drying shrinkage, cracking, pore adsorption, and hydration products (Lange, 
Sujata, & Jennings, 1991; Neubauer & Jennings, 2006). The intent of this chapter is to combine nonlinear 
vibrational events with environmentally controlled microstructural electron imaging to identify perturbed 
material features.  
Most existing studies of transient nonlinear vibration behaviors on heterogeneous materials have provided 
a single globalized value for the nonlinear mechanics of cracks, pores or interstitial bonds during vibration 
excitation (Ten Cate & Shankland, 1996). The single globalized value contains summary information of 
the intricate nonlinear material’s state. However, to date, research has avoided physical characterization or 
identification of a validated mechanical manifestation for the transient components of nonlinearity (Ten 
Cate, 2011).  
A complete understanding of these anomalous dynamic behaviors would provide insight into the 
mechanical response of porous composite materials (Ten Cate, Malcolm, Feng, & Fehler, 2016).  
Specifically, improved understanding of transient slow dynamic behaviors in porous composite materials 
would bring benefit to a wide variety of studies ranging from earthquake triggering models (Brenguier et 
al., 2008) to structural health monitoring of infrastructure (Vu et al., 2016).   
In order for nonlinear behaviors to be trusted by industry as a measurement technique, the physical 
mechanism of operation needs to be confirmed through multiple measurement types, for example, visual, 
mechanical, and electrically. The goal of this research was to monitor the microstructure visually to propose 
a physical manifestation of transient nonlinear slow dynamic behaviors.  
In this we study, we track material characteristics of porous solids at the microscale level during mechanical 
excitation using a modified Resonant Ultrasound Spectroscopy (RUS) measurement configuration coupled 
with an Environmental Scanning Electron Microscope (ESEM) in an attempt to define an underlying 




3.2 Experimental Materials and Methods  
New efforts to reduce the physical size of slow dynamic nonlinear measurements were carried out over a 
series of experiments designed to explore a new nonlinear resonant ultrasound experimental configuration. 
The new configuration was then validated as a method of exciting transient nonlinear slow dynamic 
behaviors.  
After validation, experiments were carried out within the restricted environment of an electron-imaging 
chamber. These experiments were performed in two parts, first to capture vibration data to ensure that 
nonlinear dynamic behaviors were occurring and then to capture images of the microstructure during the 
times immediately before and after a conditioning excitation for both dry and wet environments.  
3.2.1 Micro-scale vibrational configuration 
An FEI Quanta FEG 450 Environmental Scanning Electron Microscope (ESEM) imaging system was used 
to monitor the microstructure of each specimen during the test. The microscope was used in Secondary 
Electron (SE) emission mode to capture the micron-scale surface topography of test samples at high 
resolution. The ESEM also enabled automated control of both chamber pressure and temperature acting on 
the specimen while additional vibration experiments were being performed.  
We combine ESEM with high-strain RUS excitation to elicit slow dynamic conditioning during imaging; 
therefore, we could not use the traditional slender rod sample geometry because of the limited size of the 
ESEM imaging chamber.  The interior volume of the imaging chamber was further limited by mounting 
platters and the cooling Peltier stage that is required to control the temperature within the chamber.  As a 
result, the maximum sample dimension that could be supported was 10 mm, much smaller than the 30 cm 
long slender rods that are customarily used in RUS measurements (Ten Cate & Shankland, 1996).  Because 
the impact excitation method also could not be housed within an ESEM chamber, the RUS method of 
sweeping sinusoidal excitation was selected (Migliori & Sarrao, 1997). Samples with the shape of a thin 
disc were used in a millimeter-scale RUS configuration.  The thin disc geometry provides maximal dynamic 
strain at the center of the top surface of the sample when it is excited in a flexural vibration.  The top surface 
of the sample can then be imaged directly using ESEM. 
A four-millimeter-diameter radially expansive piezoelectric wafer (Physik Instrumente Ceramic PIC151 
0.25 mm thickness) was affixed to the bottom of the disc sample and connected electronically to an 
amplified signal generator.  The disc sample and piezoelectric wafer were then mechanically mounted to 
an aluminum ESEM stud, which, when placed in the ESEM chamber, rested on the water-cooled Peltier 
stage as shown in Figure 3.1. Depending on the experiment, the entire vibration setup was either exposed 
to an ambient laboratory environment or enclosed within the environmentally controlled ESEM chamber.  
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This enclosed configuration allows the electron beam to interrogate the top exposed surface of the disc 
sample before and after the mechanical excitation generated by the piezoelectric wafer attached underneath.  
The disc was radially excited with free edges in order to motivate the generation of flexural modes in the 
disc and to suppress other vibration modes.  The excitation was controlled with custom LABVIEW 
software, data were collected using a National Instruments USB-6366 unit, and the high voltage power 
amplifier was an E&I 1000S04. 
The small size of the disc sample restricted conventional accelerometers from being physically attached to 
the disc to monitor the vibration behaviors.  Rather, a small micromechanical microphone (Knowles 
Acoustics SPW2430) was suspended 3 mm above the center on the top surface of the disc to monitor the 
disc vibration.  The RUS protocol was applied to the disc through the attached piezoelectric wafer that was 
electrically driven by the amplified signal from the arbitrary waveform generator. Appropriate excitation 
levels were selected by first performing a nonlinear RUS (Payan & Ulrich, 2012) experiment to identify a 
low amplitude linear excitation level and a higher amplitude nonlinear excitation level. A typical spectral 
response obtained from the RUS protocol is shown in the top right inset of Figure 3.1. 
 
Figure 3.1:  Schematic representation of the two experimental measurement configurations: detail of the controlled disc sample 
vibration set-up (left), the modified ambient microphone monitored RUS experiment with the fundamental flexural mode 
indicated by a red point (top right), and the combined vibration excitation and ESEM imaging experiment (bottom right).   
The test samples were composed of a porous solid material: neat portland cement paste with a water-to-
cement ratio of 0.45 (Somaratna, 2014). This material, when dried in ambient environments, is known to 
elicit nonlinear vibration behaviors (Eiras et al., 2014) and contain significant porosity (Haecker et al., 
2005) distributed across a broad range of sizes from 0.5 nm to 1 mm (Aligizaki, 2006).  The Portland cement 
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paste disc samples had a nominal 10 mm diameter and 1 mm thickness. Portland cement paste was cast into 
10 mm diameter by 15 cm long rod shapes by filling a mold with a tremie pipe to avoid excessive trapped 
air pockets. The rods were moist-cured for three months, then sliced into 1 mm thick discs using a slow 
speed diamond saw (Buehler Isomet low-speed saw), and then allowed to dry in ambient laboratory 
conditions. 
Mounting of the discs required precision similar to working with surface mount electronic components. 
Piezoelectric wafers were made of a soft PZT material called PIC151 manufactured by PI Ceramic and had 
a thickness of 0.25 mm. The wafers were machined down to 4 mm diameter circular patches. Electrical 
coupling to the wafer was performed with thin conductive copper tape. Insulation between the copper tape 
and metal mounting fixture was carried out with cyanoacrylate glue. Similarly, the mechanical mounting 
of the wafer to the disc and mounting fixture was also facilitated by cyanoacrylates. In the cases where a 
wet disc was required to be mounted epoxy was used.  
Significant care was needed during the construction of the disc apparatus in order to maintain both a strong 
mechanical bond and the free boundary conditions of the edge portions of the disc. Excessive glue prevented 
vibration behaviors, and insufficient glue resulted in bond failures.  
3.2.2 Mode shape verification 
The first experiment was designed to explore if a resonance behavior representative of the axisymmetric 
free disc can be observed and if the specific mode shape could be identified at a specific frequency. RUS 
experiments were carried out using a Laser Doppler Vibrometer (LDV), Polytec PSV-400, and a high-
sensitivity microphone, Knowles Acoustics SPW2430, at multiple positions along a line across the top 
surface of the disc.  
 
Figure 3.2: Illustration of the experimental vibration configuration used for mode shape verification. The LDV and microphone 
were used at multiple locations across the face of the disc to record the vibration behaviors from different resonance modes.  
52 
 
The RUS experimental configuration used is shown in Figure 3.2. Thin 3M reflective tape was affixed to 
the surface of the disc to improve the signal to noise ratio of the LDV.  In order to position the laser 
perpendicular to the disc surface, the test was performed with the disc surface vertical. The mass of the disc 
was less than 0.2 g, so the effect of gravity was negligible. The combination of the LDV and microphone 
measurements enabled the relative calibration of the sensitivity of the microphone to measure displacements 
at a fixed distance and temperature.  
The first RUS experiment was configured to sweep through a region of potential vibration frequencies to 
identify if the vibration modes could be observed. A total excitation voltage of 100 volts was used, and a 
range of frequencies from 15 kHz to 95 kHz was swept with a step resolution of 500 Hz. The received 
microphone signal was processed with a Fast Fourier Transform (FFT), and the spectral amplitude of the 
peak FFT frequency bin was used as a measure of resonance magnitude at a specific excitation frequency.  
Identifying the corresponding mode shape with a specific resonance frequency is a critical step in 
understanding the dynamic strain during later imaging tests.  
For validation of the flexural mode generation of the new RUS configuration, first, the maxima resonance 
frequencies were compared to analytical solutions for the free axisymmetric vibration of a disc (Giurgiutiu, 
2007). The second method of validation occurred by comparing a finite element model’s mode shapes of 
displacement to the series of maximum point displacements collected across the surface of the disc by the 
LDV.  
A finite element simulation model of the cement disc was constructed in COMSOL to estimate the modal 
frequencies and shapes of the free boundary condition disc configuration. The model was designed using 
the nominal geometry of the disc and a dried elastic modulus of 10 GPa, Poisson’s ratio of 0.2 and a density 
of 1800 kg/m3. These material parameters were obtained from previous macro vibration studies on similar 
dried material and agreed with typical material properties for cement paste (Haecker et al., 2005). The first 
two fundamental mode shapes and cross-sectional displacement profiles from the model are shown in 
Figure 3.3. The ideal mode shape for imaging purposes is the first axisymmetric flexural mode, top in 
Figure 3.3, because the highest strain occurs at the top surface that the ESEM will be able to inspect. Other 
more complex modes should be avoided.  
3.2.3 Vibration verification tests 
The second experimental question was if the configuration and constituent systems were linear in dynamic 
behavior. Since it is known that cement paste is a highly nonlinear material, the material specimen for 
testing the linearity of the system was changed to borosilicate glass.  
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The glass square specimen used was a 1-mm-thick by 25.4 mm square microscope slide. The experiment 




Figure 3.3: Finite element numerical predictions of mode shapes for the disc samples: undeformed 3D modeled disc with a 
bisection line along the top surface (left), deformed mode shapes for two fundamental flexural modes colored, blue low to red 
high, to highlight vertical displacements (center), line plot of absolute vertical displacement along the bisection line of the disc 
surface (right). 
Initially, a low voltage RUS test was performed on the specimen to determine the fundamental flexural 
resonance frequency. Once the flexural mode was identified, a continuous narrow bandwidth RUS 
experiment was carried out at a low excitation amplitude, 14 volts, to characterize the undisturbed modulus 
behavior Before conditioning.  A high amplitude excitation event was then applied to initiate the 
Conditioning phase.  The high amplitude event was a sinusoidal 220 volt excitation maintained for 60 
seconds with an 80% duty cycle at the frequency associated with the identified fundamental flexural 
resonance frequency.  After the Conditioning phased ended, a low amplitude continuous narrow band RUS 
measurement was carried out to monitor the Recovery process, which swept across an 80 Hz frequency 
window centered at the identified fundamental flexural mode with a frequency step size of 2 Hz.  
Although the 2 Hz frequency step size is relatively large compared with the expected single digit change in 
resonance frequency, this step size improves the temporal resolution of the measurements by limiting the 
total duration of each narrowband RUS measurement to approximately 60 seconds. Because of this low-
frequency resolution, the spectral amplitude (Andrews & Arthur, 1977) of the peak resonance behavior, as 
observed through the RUS measurement, was used to quantify the mechanical modulus reduction rather 
than the resonance frequency. Since the modal peak is well isolated in this geometry and identified through 
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the initial standard RUS measurement, tracking spectral amplitude over a constant signal duration allows a 
fast high-resolution determination of stiffness.     
The linearity of the system was checked by observing two parameters, spectral amplitude of resonance 
excitation and frequency of resonance excitation over time as the vibration excitation voltage was changed. 
A linear system displays identical amplitude and frequency before and after a high voltage excitation/strain 
event. A nonlinear system is affected by the change in voltage/strain resulting in a different amplitude and 
frequency directly after the high voltage excitation/strain event.  
3.2.4 Ambient environment vibration 
Prior to experiments being performed within a restricted environmental chamber, a series of tests were 
performed in ambient laboratory conditions on cement paste specimens. The principal question behind these 
ambient laboratory vibration experiments was if transient slow dynamic conditioning and relaxation 
behaviors could be observed within a small cement disc monitored with only a non-contact microphone. 
We carried out an identical experiment to the previously described linearity testing, except with a dried neat 
cement paste disc (water/cement ratio 0.45) instead of a glass square. 
3.2.5 Dry ESEM vibration 
In order to understand the physical manifestation of the slow conditioning and relaxation behaviors, high 
sensitivity imaging is required. After the validation of system linearity with glass and observing transient 
nonlinearity in cement pastes in laboratory conditions, the next experimental step was to mount the disc 
experiment within a scanning electron microscope and monitor microstructural changes before and after 
high-strain vibration events. The scanning electron microscope is ideal for imaging material surface textures 
with ideal maximum image resolution down to 0.5 nm. During this experiment, we explored combining the 
previous disc apparatus experiments with the complexity of concurrent imaging with a scanning electron 




Figure 3.4: Scanning electron microscope and resonant ultrasound spectroscopy equipment configured for synchronized 
operation. 
The experimental procedure consists of mounting a temperature-constant disc apparatus onto the ESEM 
specimen mounting stage. The piezoelectric leads for the disc apparatus were fed through a pressure-sealed 
pass-through.  After the disc apparatus was mounted on the stage, but before being encased in the ESEM 
chamber, an initial RUS experiment was used to identify the flexural resonant frequency. The initial RUS 
experiment needed to occur after the mounting of the ESEM stud to prevent any changing behavior due to 
temperature or potential damage from the mounting process. Once the in-place flexural resonance 
frequency was identified, the ESEM stage was retracted into the ESEM chamber, and the pressure was 
lowered. A picture of the disc apparatus loaded into the ESEM chamber is shown in Figure 3.5; the thin 
cement paste disc sample is centered in the images. 
 
 
Figure 3.5: Disc sample mounted and wired on test fixture in the ESEM chamber for synchronized high strain vibration and 
imaging experiment; plan view (left) and profile view (right). 
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At high vacuum pressures, 10-5 Torr, the electron gun and detector can function unaffected by the 
atmosphere, which results in improved imaging resolution compared to low vacuum pressures. The target 
samples for testing, cement paste, are nonconductive. The lack of electrical conduction results in electrons 
from the imaging beam building upon the surface of the sample. This building up of electrons on the sample 
surface is called “charging” and leads to streaking or artifacts in the scanned image. One way to mitigate 
charging is to operate at higher pressures allowing the charged surface to dissipate the built up electrons 
through the surrounding gas environment. One Torr vacuum pressure was found to be the optimum for our 
sample configuration to reduce sample charging while still having sufficient resolution.  
After alignment and focusing, a suitable imaging location was identified in the center of the top surface on 
the specimen that includes cracking features and a diverse texture for tracking displacements. For this series, 
the location was selected at the center of the disc to focus on an area of expected high strain, and therefore 
conditioning. A before image was captured at high resolution. The specimen was then excited at the pre-
determined fundamental axisymmetric resonance frequency with a high-voltage excitation of 220 volts for 
300 seconds. Then after vibration, an after image was captured again at high resolution. The pass-through 
leads to the excitation generation system were necessarily disconnected during imaging operations to 
prevent excess electronic noise from corrupting the imaging process.  
After recording, collected images were processed with MATLAB to match relative contrast and brightness 
settings. After normalizing and aligning the images, Digital Image Correlation (DIC) was used to localize 
regions of change. DIC has been previously used in electron microscopy with success (Kammers & Daly, 
2013). Standard DIC techniques require the placement of a random texture grid on the surface in which a 
camera can track the displacement of identifiable features. In contrast, the natural textures of the surface in 
an ESEM image provide an excellent set of features to track for deformation.  The application of digital 
image correlation can enable the detection of physical strains that are smaller than a complete pixel in the 
collect image. A DIC implementation package called Ncorr was used to explore potential strains between 
the images (Blaber, Adair, & Antoniou, 2015). The local regions of change were identified through DIC as 
regions of relatively high strain values between the before and after vibration images.   
3.2.6 Wet ESEM vibration 
From the global vibration experiments in Chapter 2, a strong relationship was observed between the 
magnitude of the modulus reduction during the conditioning phase and the moisture present as water vapor 
or humidity. To explore this relationship further, the chamber pressure on the sample was adjusted during 
imaging to explore high humidity behaviors where adsorbed liquid water could be observed.  
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The experimental procedure was identical to the previous dry ESEM experiments, with a few modifications. 
The first modification was that prior to placement on the temperature-controlled Peltier stage, the entire 
disc apparatus was cooled to 7oC. The material volume of the sample disc was a key factor in the stability 
of the Peltier stage. Starting the imaging at a cooled temperature reduced the thermal load and time needed 
to reach a steady-state temperature. The second modification to the experimental procedure was that the 
initial chamber pressure was adjusted to an equilibrium pressure that partially saturates a visible pore.  The 
final modification was that after vibration, the ESEM images were collected as a time series and were 
recorded at two-second interval until change was no longer visually observed.  
Images were visually compared to identify changes that occurred before or after the high-voltage 
conditioning stage of the experiment. Regions of change during the recovery period are the focus of this 
specific investigation because they may lead to the justification behind the transient nonlinearities.  
To monitor the recovery over time, the time series of images were processed. The intensity of the image 
represents a relative height in an arbitrary unit defined by the internal ESEM processing. A square of 252 
pixels inside the pore was selected to track the mean intensity/height over the recovery series of frames 
collected. In order to avoid noise generated by the various environmental balancing operations, a second 
square on the surface was also selected that did not contain water during the image series. The change of 
the first square area was normalized to the second square area. 
 
3.3 Experimental Results 
3.3.1 Mode shape verification 
The result of an RUS sweep for a measurement location at the center of the disc is shown in Figure 3.6. 
The distinct peaks in received spectral amplitude observed in the figure occurring above 30 kHz are a result 
of strong resonance behaviors. The low ridge occurring at 20 kHz is associated with the resonance of the 
microphone used as the receiver. The peak with the lowest fundamental resonance frequency in the dataset 
was marked with an orange circle and occurred at approximately 35 kHz. Other higher frequency modes 




Figure 3.6: Experimental resonant ultrasonic spectroscopy results from disc sample measured with the MEMS microphone. 
 The orange square identifies the first clear mode observed in the data. 
The results of the RUS experiment identified several resonance behaviors at different vibration frequencies 
in the system. Next, the LDV was focused at five distinct measurement locations across the surface of the 
disc, as shown with yellow dots in the left side of Figure 3.7, to understand the dynamic displacement 
profile of each identified resonance frequency.  
The peak vibration signals for the first identified resonant frequency, 34.5 kHz, was recorded by the LDV 
at several points and then converted to a displacement shown in the right plot of Figure 3.7. The first 
displacement measurement at position zero was erroneously large and was excluded from the plot; this 
outlying data point is believed to be an artifact of poor bonding on the reflective tape that is needed to 
reflect the laser from the surface. The remaining points outline a mode shape with two nodes and three anti-
nodes, which resembles the first flexural mode modeled in the top of Figure 3.3. The vertical displacement 
at 5 mm across the surface of the disc was measured as 10 nm. Using these displacements to scale the finite 





Figure 3.7: Illustration of the experimental configuration for LDV measurements of mode shape displacement on cement paste 
disc samples: disc sample with a thin strip of reflective tape on the surface with LDV measurement points indicated with yellow 
circles (left) and absolute maximum vertical displacement recorded at 34.5 kHz (right). 
3.3.2 Vibration verification tests 
The next component of the vibration system to be verified was to check if the system behaved linearly in 
operation for a classically linear material, such as pristine borosilicate glass. The procedure used to validate 
transient linearity of the system required that a sample be vibrated at a low strain level for a before 
conditioning stage, then at a high strain level for a conditioning stage and then finally returning to a low 
strain level for a recovery stage. A linear system should ideally display no transient sensitivity to the high 
strain level conditioning stage.  
The experimental results from vibrating a borosilicate glass sample are displayed in Figure 3.8. In addition 
to tracking the resonant frequency of the flexural mode, the normalized spectral amplitude and the 
environmental temperature were also recorded and displayed in the figure.  
The different stages of vibration are presented separately with the first low-voltage stage as blue stars, the 
second high-voltage stage as a teal box and the third low-voltage stage as red stars. The change in frequency 
and spectral amplitude of resonance in time represents a continuous linear change in the stiffness before 
and after exposure to a conditioning phase. Overall, the resonance frequency and amplitude were increasing 
during the time window, and the temperature was decreasing during the time window.  This linear behavior 




Figure 3.8: Experimental results from the disc vibration system for a borosilicate glass sample where high strain excitation 
conditioning time is indicated with the vertical teal bar: Fundamental flexural mode frequency (top), normalized spectral 
amplitude (middle), and environmental temperature (bottom) monitored over time (seconds). Blue stars indicate measurement 
times before conditioning and red stars after conditioning. 
In the results, no transient nonlinear slow dynamic features were observed in the borosilicate glass after the 
high-voltage conditioning phase. The linear trend observed corresponds with the measured small 
temperature changes and continues undisturbed in both fundamental flexural resonance frequency and 
amplitude measurements after conditioning is carried out.  
3.3.3 Ambient environment vibration 
The results of the three-stage vibration experiment on a neat cement paste disc are shown in Figure 3.9. The 
resonance frequency measured during the before conditioning (blue) phase demonstrated a linear 
dependence with the inverse trend of measured temperature. In the recovery phase, a decrease in resonance 
frequency and an increase in vibrational spectral amplitude were observed, which reduced in time as the 





Figure 3.9: Experimental results from the disc vibration system for a neat cement paste disc sample where high strain excitation 
conditioning time is indicated with the vertical teal bar: fundamental flexural mode frequency (top), normalized spectral 
amplitude (middle), and environmental temperature (bottom) monitored over time (seconds). Blue stars indicate measurement 
times before conditioning and red stars after conditioning.  
The influence of the conditioning phase on the vibrational behavior during the recovery phase represents 
the transient slow dynamic nonlinearity. The characteristic softening behavior is observed as a transient 
reduction in resonance frequency, which is representative of the elastic modulus of the material. The 
increase in the spectral amplitude of the vibration represents the increased compliance of the solid to a fixed 
forcing function. Both the increased spectral amplitude and the decreased resonance frequency trended 
towards the previous linear trends during the recovery phase.  
In order to confirm this observation, the experiment was carried out on a second identical cement disc 
configuration in ambient laboratory conditions. The results of the confirmation experiment are shown in 
Figure 3.10. In addition to the time periods before conditioning and during recovery, vibration amplitude 
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measurements were taken during the conditioning phase of excitation. The conditioning phase demonstrated 
a nonlinear softening, while during the recovery phase a nonlinear stiffening of the material was observed. 
These behaviors are represented as an increasing and decreasing spectral amplitude recorded by the 
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Figure 3.10: Experimental results for a neat cement paste disc sample monitored with a microphone, showing amplitude 
calculated from the spectral amplitude of the FFT. 
3.3.4 Dry ESEM vibration 
The previous studies have demonstrated the ability of the vibration apparatus to excite transient nonlinear 
slow dynamic behaviors within the small cement disc samples. The first fundamental imaging challenge 
was to perform these high strain conditioning vibration experiments while collecting microstructural 
images.  
First, the “dry” environment ESEM image collected before the high strain conditioning vibration is shown 
on the left in Figure 3.11. Next, a high-strain conditioning vibration was performed for 30 seconds; after 
the conditioning vibration, a second image was collected, shown on the right in Figure 3.11. The intensity 
of a pixel in the image corresponds to the intensity or topographic distance recorded at the electron detector. 
Many factors affect secondary electron reception; however, in general, high areas appear as white, and 
lower valleys or cracks appear as black. Visual comparison between the before and after cases was 
challenging due to the complexity of the textured image. However, there appears to be no multi-pixel (pixel 
width 0.15 µm) level change in microstructural properties between the two images. For example, no existing 
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cracks are observed to grow on the scale of tens of microns, and no new cracks were observed to be created 
by the excitation.   
   
Figure 3.11: ESEM SE images collected using secondary electron mode on sawed 0.45 w/c neat cement paste sample surface in 
low vacuum (0.9 Torr, 4oC, RH ~15%) before (left) and after (left) a high strain vibration event. 
 
Figure 3.12: DIC processing results showing detected regions of change in ESEM SE images of neat cement paste in a low 
humidity “dry” environment before and after a high strain vibration-conditioning event: the original reference image (top left), 
the x-direction calculated normal strain (top right), the shear calculated strain (bottom left) and the y-direction calculated 
normal strain. Regions of high absolute strain represent changes between the before and after images. 
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Several imaging processing techniques such as using discrete pixel differences and feature tracking were 
explored to identify small shifts in the microstructure present in the images. The most promising results 
were obtained through matching the histogram of the image and using the NCORR DIC software package 
to calculate subpixel estimates for localized strain values between the two images. The estimated strain 
field results of processing the collected images with digital image correlation are shown in Figure 3.12. The 
four plots represent the original reference image and the three orientations of strain that can be calculated 
from a two-dimensional image input. The strain fields are presented as a colored overlay over the reference 
image to allow for quick interpretation.  
Several asymptotic artifacts were observed at saturated regions in the collected images. During imaging, 
care was taken to optimize the contrast available in the texturized regions of the image, which resulted in 
some of the high regions becoming saturated. Since this image saturation is a uniform value, when the DIC 
algorithm attempts to correlate a displacement value for such a region an error occurs, which results in 
processing artifacts. Beyond the artifacts, the DIC algorithm identified a unique region of strain from 
differences between the two images that correlates with the location of several horizontal cracks in the 
original image. For example the vertical component of strain, Eyy, in the top left and top right corners of 
the image, displayed two lines of expanding strain. These lines of strain occur over areas that appear as 
crack valleys commonly seen in dried cement paste.  
3.3.5 Wet ESEM vibration 
The next experiment added moisture to the microstructure and performed an identical coupled vibration 
imaging experiment. A time-series of images were captured during a wet disc excitation process. Four 
selected images of the top surface of the disc, which represent different stages of the excitation protocol, 
are presented in Figure 3.13. An accompanying multimedia video file that displays a continuous animation 
of all collected images can be accessed on a live link in Appendix B.   
A reference state is defined as the material in the dry environment before it is exposed to mechanical 
excitation (Figure 3.13, top left). The reference image reveals surface texture, pores and faint striations 
from the diamond cutting process. The pore sized approximately 50 µm in radius is seen vacant. A 
collection of crystalline hydration products, likely calcium hydroxide, and calcium silicate hydrate, can be 
seen located inside of the pore at the center of the image.   
When the imaging is conducted in a wet environment at the same location, but before mechanical excitation 
(Figure 3.13, top right) the texture of the material on the surface and within the large pore is lost, signifying 
the adsorption of water on the material’s surface.  The water was attained by raising the chamber pressure, 
from 3 Torr to 7 Torr, while keeping the specimen temperature constant at 7oC.  
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An image of the material taken in the wet environment but immediately after a high conditioning amplitude 
dynamic excitation was applied and then ceased is shown in Figure 3.13, bottom left.  There, the texture of 
the undisturbed hydration products in the pore can be clearly observed again, as formerly seen in the dry 
environment reference image, signifying moisture migration away from the surface and the pore.   
After a recovery period in the wet environment of 67 seconds, another image is collected, shown in Figure 
3.13, bottom right.  The loss of texture in the image signifies the return of moisture to the surface of the 
material and within the large pore.  These last two images are separated only by a recovery period of 
unperturbed rest and illustrate the migration of water out of and back into the pore space, all of which is 
behavior that shows time dependence.   
 
To qualitatively measure the recovery observed over time, we processed the time series of images to extract 
how the moisture was returning to the pore structure. The resulting normalized intensity change for the 
  
  
Figure 3.13: ESEM SE images at center of disc in different environmental and vibration states: dried (RH 30% 10 oC, Top 
Left), saturated (RH 97% 10 oC, Top Right), after high strain flexural excitation (97% 10 oC, Bottom Left), after 60 seconds 
of recovery (97% 10 oC, Bottom Right). A continuous video of all collected intermediate images from this observation series 




intensity/height of the water over the image sequence is shown in Figure 3.14. The time relationship aligns 
with the visually observed fast filling early behavior and the slower-filling later behavior of the times series.  
 
Figure 3.14: Relative height of moisture surface during recovery phase in an exposed cement pore measured through ESEM 
secondary electron image intensity.  
In order to validate the results obtained in the first series of images, a second location was identified at the 
edge of the disc specimen. Based on the fundamental flexural mode of discs, discussed earlier, we can 
expect that the edges will have a significantly lower strain than the center. Therefore, for an identical 
vibration test but with imaging on the surface near the edge we’d expect not to see the transient nonlinear 
behaviors during conditioning.  
An imaging series on the surface within 1 millimeter of the edge of the disc was collected and shown in  
Figure 3.15. The first image in the series, the top left, displays the empty pore structure and texture. The 
second image in the series, the top right, displays a partially saturated pore before vibration. The third image 
in the series, the bottom, displays the partially saturated pore directly after an identical conditioning 
vibrational excitation as before, except here we are imaging at a low strain location. We observe that the 
smooth surface, which represents water in these images, continued to be present before and after the 
conditioning excitation. It is notable that the curvature or gradient of the partially saturated pore appears to 
invert between the before and after vibration images. One justification for this curvature observation may 
be that if the local humidity above the air-water interface is changed, the curvature’s surface equilibrium 






Figure 3.15: ESEM SE images at near edge of disc where vibration amplitude is expected to be low: dried (60% RH, 10 °C, Top 




3.4.1 Mode shape verification 
The experimental results of a resonance frequency at 34.5 kHz for the fundamental flexural resonance mode 
agreed with the finite element model. Additionally, the mode shape recorded at multiple points with the 
LDV correlated with the model-predicted shape. These measurements validate that the fundamental flexural 
mode in the disc specimen was excited and that the finite element model is appropriate for understanding 
the full-field strain based on the LDV measured displacements.  
The maximum strain value calculated from the calibrated finite element model was 1.54 microstrain, which 
is above the commonly defined threshold of the transient nonlinear dynamic behavior of .01-1 microstrain 
(Ten Cate, 2011). By exceeding the strain threshold, it is reasonable to use this new RUS design to explore 
transient nonlinear features of small material specimens.  
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This experiment has confirmed that through this device a small cement disc with a 5 mm radius was vibrated 
and the vibration modes were characterized with a non-contact LDV and microphone.  
3.4.2 Vibration verification tests 
The consistent flexural resonance frequency and amplitude of vibration before and after the conditioning 
period demonstrate that the measurement system and technique are linear in construction.  
The uniformity in the flexural resonance frequency and amplitude of vibration observed in the experimental 
results with borosilicate glass demonstrate that the measurement system was linear in construction. The one 
linear trend observed correlates with temperature and was unaffected by the high voltage conditioning phase 
of the experiment. This affirms that any deviation of flexural resonance frequency or amplitude of vibration 
after a conditioning event is due to a material nonlinearity rather than any system artifact.  
The frequency resolution of this dataset is limited over the time range explored because when RUS is used 
to capture time events, there is a tradeoff between the resolution of the sweep and the speed at which the 
sweep is completed. In other words, the rate of acquisition decreases with increasing frequency resolution. 
For example, to collect higher resolution frequency measurements, a lengthier excitation signal is needed 
during the sweeping of the individual RUS test. This lengthier signal increases the duration of each 
individual test and decreases the number of tests that can be performed during the recovery period. In these 
experiments, in addition to the frequency of vibration, the spectral amplitude of the vibration behaviors was 
used as a measurement of material stiffness over the period of the testing.  The combination of the two 
parameters improves the resolution of the stiffness monitoring over time and the speed at which the 
information can be collected during a vibration test.  
3.4.3 Ambient environment vibration 
The cement disc vibrated in the three phases of before, conditioning and recovery with low-, high-, and 
low-voltage excitation demonstrated the three phases of slow dynamic behavior. The first low stage 
represented the steady-state elastic behavior phase below the dynamic strain threshold, before conditioning. 
The high stage represented the conditioning phase with dynamic strain above the threshold. The final low 
stage represented the recovery phase where the mechanical stiffness trended back to the steady-state elastic 
behavior. The collected dataset captures the mechanical recovery as a deviation from the uniform linear 
behaviors observed prior to the conditioning phase.  
The repeated test results reproduced the first results and confirmed that at the driven excitation levels, the 




3.4.4 Dry ESEM vibration 
The dry imaging experiment proved to be successful in identifying that it is possible to image the micron-
scale of a neat cement disc directly before and after a vibration event. The operation of the piezoelectric 
vibration apparatus did not have a negative influence on the operation of the ESEM, as long as these were 
operated asynchronously and not concurrently.  
The images captured before and after the conditioning phase of excitation were visually identical. DIC 
algorithms were applied to the collected dataset. The algorithm processing the collected images had 
difficulty with some imaging features. Ultimately, the algorithm identified two regions as possibly having 
significant strains occurring. The two regions correlated with horizontal cracks in the original before 
vibration reference image. However, other identical cracked regions were not observed to have DIC 
measured strains.  
The two primary conclusions from this experiment were that no cracks were observed to be growing on the 
visual scale of tens of microns and that identified changes in microstructure may be occurring in the cracked 
regions of the cement paste at sub-micron displacements.  
3.4.5 Wet ESEM vibration 
The final experimental component builds upon the previous chapter’s acknowledgment of the significant 
role water plays in the transient nonlinear slow dynamic behaviors. Experiments carried out by the authors, 
and others have suggested the significant effect that moisture has on slow dynamic behaviors in porous 
materials (Ten Cate et al., 2002). 
The ESEM images collected during the critical phases of slow dynamic behavior indicate significant 
changes in the presence of water on the sample surface.  The results presented here appear to be the first 
direct visual observation of surface moisture migration during transient dynamic vibration; this moisture 
migration coincided with the initiation of the high dynamic strain conditioning phase, while the migration 
process was reversed during the following recovery phase.  
The surface moisture migration captured in the collected series of images indicates a dependence on an 
initiating dynamic vibration event.  Unfortunately, the captured images are unable to identify the destination 
of the migrated moisture.  Two competing theories are posed:   i) the moisture redistributes internally into 
the pore structure of the material and ii) the surface liquid moisture transforms to a vapor phase and moves 
into the gas space in and around the solid. The first theory is supported by previous work in pseudo-static 
loading regimes that has demonstrated the redistribution of liquids in strained materials with porous 
microstructure (Vichit-Vadakan & Scherer, 2002).  However, the typical time duration needed for transport 
behavior in pseudo-static tests far exceeds the duration of the dynamic tests observed here. With regard to 
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the second theory, a liquid-vapor phase transformation occurs instantaneously and thus is significantly 
faster than the time dependence typically associated with slow dynamics, which shows behavior durations 
of seconds to hours.  Additional efforts to track the moisture migration path are needed to investigate the 
posed theories and discover the transient relationships of this open question. 
The height of the adsorbed water during the recovery period displayed a nonlinear profile of change over 
the collected images. The nonlinear refilling of the adsorbed water is consistent with a diffusion driven 
equilibrium relationship.  
To confirm the observation an additional experiment was carried out at a low strain region of the cement 
disc near the edge. An identical experiment was performed and the adsorbed water was present throughout 
all three phases of the experiment. This confirmed that the observed visual changes correlated with the 
strain predicted by the fundamental flexural mode shape. These near edge results also validated that the top 
surface of the sample was not indirectly heated during the vibration events.  
 
3.5 Summary 
The results of the micro-observation experiments that were carried out provide several critical insights into 
understanding the complex transient nonlinear slow dynamic behaviors of neat cement pastes.  
 Transient nonlinear slow dynamic behaviors are not limited to the macro-scale experiments: in 
samples as small as the discs (10mm dia. × 1mm thickness) a time-dependent softening and 
recovery was clearly observed in both resonant frequency and spectral amplitude for ambient 
laboratory conditions.  
 A piezoelectric wafer mounted on the bottom surface of a larger disc allowed a fundamental 
flexural vibration mode, which matched closely the displacement profile and frequency of a free 
vibration mode shape. The work presented here describes and validates a millimeter-scale 
nonlinear RUS experiment to excite slow dynamic behavior in a neat cement paste disc.   
 A vibration experiment was performed together with ESEM imaging to capture direct 
observations of micro-scale changes before and during the recovery phase of slow dynamic 
behavior.  Scanning electron imaging was successfully performed asynchronously with a high 
strain vibration event without a loss of spatial focusing at a specific physical location.  
 Micron-level imaging at low relative humidity displayed no large microstructural changes before 
and after high strain excitation events. Post-processed images using DIC software suggests 
potential sub-micron-scale changes at the location of a few select cracks or discontinuities.  
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 At high humidity levels, moisture migration was observed in regions of high dynamic strain that 
coincided with the expected conditioning and recovery behaviors of slow dynamics.  The 
water/air interface front was strongly influenced by the excitation history. Saturated pores were 
observed to empty during conditioning excitation and then remain empty until the completion of 
the conditioning excitation event. Upon completion of the conditioning excitation, the rate of 
recovery of the relative height of adsorbing water was observed to follow a nonlinear response 
with respect to time.  
 The moisture migration behavior was not observed during an identical test performed at a 
location of low dynamic strain. This observation was consistent with a moisture transport 
behavior being driven by dynamic stain history.  
This work represents the first visual observation of micro-scale changes occurring during a slow dynamics 
experiment and suggests that moisture migration is a fundamental process that contributes to the transient 
and hysteretic dynamic material behaviors. Future work will target moisture movement during the 
migration process that is set up by non-equilibrium slow dynamic conditioning and recovery behaviors.  
These results presented here provide new and fundamental insight into a complex transient dynamic 
behavior that other researchers can apply in mesoscale dynamic elastic material models to further the 




Chapter 4 Mechanistic Diffusion Model 
4.1 Introduction 
In this chapter, existing transient nonlinear dynamic models will be reviewed and then used to interpret the 
experimental observations that were presented in the previous chapters. The limitations of existing models 
prevent full understanding of the new observations, so a new model, based on the combination of diffusive 
mass transport and elastic vibration, was imagined and developed. The new model will be compared with 
experimental data that have combined moisture and vibration measurements.  Finally, several implications 
and critiques of the new model will be proposed.  
 
4.2 Limitations of Existing Transient Nonlinear Models  
Several models exist to fit some of the historical experimentally observed slow dynamic behaviors. Two of 
the most common models are the Preisach-Mayergoyz (PM) space model (Guyer et al., 1995; McCall & 
Guyer, 1994) and the soft ratchet model (O. O. Vakhnenko, Vakhnenko, Shankland, & Ten Cate, 2006). A 
third less commonly referenced model is the micro-contact adhesion model (Aleshin & Abeele, 2007). An 
overview of each existing model has been provided in the previous chapters of this thesis. In this chapter, 
we will focus on the limitations of each model as observed within the context of recent macro and micro 
scale experimental tests.  
The PM space model was designed to fit a nonlinear hysteretic binary parameter field, Hysteretic 
Mechanical Units (HMUs) from an existing experimental test. One of the limitations within the PM space 
model is that there is no physical mechanical justification for the HMUs. Another limitation is that the 
experimental test records only describe one previous explicitly observed behavior so future behaviors of a 
different specimen or testing regimen cannot be predicted.  
The PM space model does succeed at highlighting the additive phenomenon of dynamic linearity as a 
disruption of pure linear elastic behavior. In the PM space, the majority of the discrete relays are located 
on the unity line, and the visual density of relays decreases exponentially as distance increases from the line 
of unity in the PM space. These two observations agree with alternative simplified modeling methods of 
formulating nonlinearity as simple higher order effects within the definition of Hooke’s law, as seen in 
Chapter 1.   
The soft ratchet model provides a constitutive framework for fitting an exponential modulus behavior to 
those observed during dynamic experimentation. The soft ratchet model assumes the HMUs are a defect 
parameter, and as a result can be summarized as a state variable of defect concentration. The nonlinear 
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phenomenon was reduced to a pair of fast conditioning creation of defects and a slow recovering removal 
of defects functions. In later iterations of the soft ratchet model, a series of exponential function parameters 
can be fit to match recorded softening and recovery behaviors from nonlinear slow dynamic materials.  
The soft ratchet model reduced the infinite parameter PM space down to a pairing of exponential functions. 
However, these exponential functions do not have a physical justification of what physically defines a 
defect, and the soft ratchet model does not take critical environmental variables such as temperature or 
moisture into account. The results of the soft ratchet model do recreate some experimentally collected 
behaviors.  Unfortunately, the re-creation does not occur with physical implications to the microstructure 
driving the behavior. Without a physical justification, the prediction and interpretation of transient nonlinear 
slow dynamic measurements remains elusive.   
The final existing model that was evaluated was the micro-contact adhesion model. The adhesion model 
justifies the observed slow dynamic behaviors based on physical attraction forces and contact necking 
between the rough surfaces of internal cracks. The adhesion model moves the discussion of nonlinear 
manifestation toward a physical justification of the rough surface forces of cracks. However, there is no 
explicit physical justification of the time dependency or recovery within the adhesion model. Additionally, 
environmental parameters that have been deemed critical to the behavior in experiments are not addressed 
in the purely geometric adhesion.  
Each of these models has improved the understanding of complex transient dynamic conditioning and 
recovery by trying to capture the transient nonlinear slow dynamic behaviors in a simplified model space. 
The limitations of each model prevent general direct application to find industrial value in the 
experimentally measured parameters of conditioning and recovery. A mechanistic model that captures the 
mechanical source of the softening and recovery along with their environmental dependencies was sought 
and was deemed critical to proper interpretation of measured transient slow dynamic behaviors.  
 
4.3 Introduction of a New Mechanistic Diffusion Model for Slow Dynamic Behaviors  
Transient nonlinear slow dynamic behaviors have constantly been linked through experiments with material 
discontinuities/cracks in the previous chapters of this thesis. Based on the experimental observations two 
fundamental material components, moisture and discontinuities (grain boundaries/cracks/voids), were 
prerequisites to the observation of global transient nonlinear or slow dynamic behaviors. Unfortunately, 
none of the existing models for slow dynamics includes methods for prescribing moisture conditions, and 




Figure 4.1: Illustration of the basis for the mechanistic diffusion model. The model considers interaction between a normal 
contact force F through the solid skeleton contact grain and additive forces set up by surface tension, γ, of the adsorbed water at 
equilibrium with the liquid-air interface within the void space.  
Primarily because of this moisture limitation, a new mechanistic diffusion model (MDM) was developed; 
the MDM is based on the hypothesis that dynamic strain excitation enables moisture migration from the 
internal solid discontinuity surface contacts into the void area nearby the discontinuity. The underlying 
concept of the MDM is illustrated in Figure 4.1. The discontinuity may be a crack interface or a grain 
boundary within a composite structure. In this figure, the two solid grains represent a discontinuity exposed 
to an environment with an ambient moisture vapor. At the contact point, a small liquid film will naturally 
be adsorbed on the surface of the solids in equilibrium between the environment and surface tension.  As 
those solids are dynamically strained, the liquid film is also strained, which disrupts the equilibrium with 
the environment. If the strain is significant, phase change of the liquid can occur, and molecules can be 
motivated into vapor. Once a molecule is in a vapor phase, the molecules are transported by the relatively 
slow diffusion process. The change in vapor concentration has a direct influence on the surface tension of 
the liquid film, which results in reduced forces pulling the grains together. This loss in surface tension 
results in a loss of stiffness at the original contact point. Once the dynamic strain is removed, the original 
environmental equilibrium returns slowly and the stiffness recovers.      
The MDM builds on existing slow dynamics models along with viscoelastic (Yang & Liang, 1972) and 
continuum theories (Coussy, 2010; Weitsman, 1990) that have modeled phase transformations within fluids 
and polymer composites. In these previous theories, discontinuities were not considered in the formulation. 
This new model incorporates the effects of material discontinuities as granular contact points, which justify 




4.4 Structure of the Mechanistic Diffusion Model 
The proposed mechanistic diffusion model connects a linear elastic dynamic event in the solid with a non-
linear time-dependent material modulus response. Application of this new model requires three linked 
components: a linear dynamic elastic component, a dynamic diffusion component, and a grain contact 
component; the role of each component and interactions among them is outlined in Figure 4.2.  
 
Figure 4.2: Simplified structure of mechanistic diffusion model: inputs are indicated by green, model calculation components by 
red and products by blue.  
4.4.1 Linear vibration component 
The first component of the model uses a linear dynamic vibration finite element model. This component 
builds the full-field linear dynamic event response. The linear response strain fields form a basis to properly 
construct the input features that drive the nonlinear mechanisms. Conventional dynamic equations of 




= 𝛻(𝑪: 𝜺) + 𝒁 (4-1) 




[(𝛻𝒖)𝑡 + (𝛻𝒖)] (4-2) 
where 𝒖 is displacement vector, 𝛆 is the strain tensor, t is time, C is the constitutive tensor, 𝒁 is the external 
forcing function vector, and 𝜌 is the material density. The colon operator ( : ) represents the double dot 
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product operation.  For a simplified formation, an elastic and isotropic material is assumed such that the 
constitutive tensor reduces to:  
𝑪 = 𝐾𝛿𝑖𝑗𝛿𝑘𝑙 + 𝜇 (𝛿𝑖𝑘𝛿𝑗𝑙 + 𝛿𝑖𝑙𝛿𝑗𝑘 − (
2
3⁄ )𝛿𝑖𝑗𝛿𝑘𝑙). (4-3) 
where K is the bulk modulus, μ is the shear modulus and δ is the Kronecker delta.  The initial conditions 
for displacement and velocity, for this thesis, were assumed as zero. The boundary conditions were assumed 
as the ideal state of free traction, except for small loading region at the impact location where the forcing 
function (𝑍) was applied.  
4.4.2 Diffusion component 
The second component of the model uses a vapor diffusion model. The purpose of this component is to 
predict the time-dependent behavior of a diffusion channel based on the strain field resulting from the linear 
dynamic model. The diffusion model estimates a change in relative humidity for an ideal 1D diffusion 




+ 𝛻(−𝑐𝛻𝑤) + 𝛽𝛻𝑤 = ℒ (4-4) 
where ∇=∂/∂x, 𝑤 is concentration, 𝑑𝑎 is mass factor, 𝛽 is convection function, ℒ is source function, c is the 
diffusion coefficient, and x is the unit axis (Bird, Stewart, & Lightfoot, 2007). In our application, this 
equation can be simplified by assuming a uniform mass distribution, mass factor 𝑑𝑎 equal to one; the 
environment does not have convection, thus a convection function 𝛽 of zero; and that the global source 
function ℒ is zero. The boundary conditions of the 1D space are configured such that the origin is a time-
dependent source function based on the dynamic strain (defined in the next paragraph) and the opposite end 
of the 1-D space is set as a no-flux boundary.  
The dynamic boundary condition function is set assuming that the definition of relative humidity at the 





where 𝑃𝑣𝑎𝑝𝑜𝑟 is the partial pressure of the water vapor in air and 𝑃𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛is the saturation pressure of the 
fluid. In the steady state, equilibrium 𝑝𝑣𝑎𝑝𝑜𝑟 is the same as P𝑙𝑖𝑞𝑢𝑖𝑑 and there is no mass transport in the 
system, thus 






However, when strain caused by an externally applied dynamic event occurs, then P𝑙𝑖𝑞𝑢𝑖𝑑   differs from 
𝑃𝑣𝑎𝑝𝑜𝑟. The perturbation to the system supplies surplus energy. Potential applications of this surplus energy 
can result in thermal state increases and phase changes. In this model, we assume that the energy results in 
a phase change.  
In a system with two phases coexisting, such as an adsorbed liquid on the particle surface and a liquid vapor 
in the void space the two phases exist in a balanced equilibrium where the change in Gibbs free energy, ∆𝐺, 
is equal to zero (Gaskell, 2008). The Gibbs free energy and change in Gibbs free energy can be defined 
respectively as 
G = H − TS = U + VPliquid − TS (4-7) 
∆𝐺 = ∆𝑈 + 𝑉∆𝑃𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑇∆𝑆 (4-8) 
where 𝐻 is enthalpy, 𝑇 is temperature, 𝑆 is entropy, 𝑈 is internal energy, and 𝑉 is volume. The enthalpy is 
the summation of internal energy and the product of the volume and the pressure of a system in units of 
Joules/mole. The entropy characterizes the microstructural order or chaos of a system in units of Joules / 
mole Kelvin.  
If a dynamic strain event occurs, a change in stress or pressure exists throughout a system. Since most 
systems trend towards equilibrium, which is a Gibbs free energy of zero, an opposing action is desired. One 
action that is reasonable to balance out the energy of the system is to perform a phase transformation. Since 
the adsorbed water on the surfaces of a solid system is in equilibrium with a vapor phase, the most logical 
phase transformation would be to vaporize the liquid into a gas.   
A phase change requires energy for vaporization, which is both temperature and pressure dependent. This 
energy requirement is classically described as the enthalpy of vaporization, ∆𝑣𝑎𝑝𝐻, with units of KJ/Mol. 
In our application, we need to convert the enthalpy of vaporization into a required pressure change threshold 
for liquid water at a specific temperature. Assuming a state of equilibrium prior to excitation, the Gibbs 
free energy due to perturbation can be written as  
𝐺𝑙 = 𝐺𝑣 (4-9) 
∆𝐺𝑙 = ∆𝐺𝑣 (4-10) 
where the subscripts l, g and v denote the liquid, gas, and vapor phases (Gaskell, 2008). Substituting in 
Equation 4-8 for the change in Gibbs free energy 


































































In an ideal case ∆𝑣𝑎𝑝𝐻 is independent of temperature, so both sides can be integrated 
𝑙𝑛 𝑃 = −
∆𝑣𝑎𝑝𝐻
𝑅𝑇
+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. (4-18) 
However, for water the enthalpy of vaporization depends on temperature and must be defined relative to 
the reference measurement temperature (assumed as 298K)  
∆𝑣𝑎𝑝𝐻𝑇 = ∆𝑣𝑎𝑝𝐻298 + ∆𝑐𝑝 ∗ (𝑇 − 298) (4-19) 
where ∆𝑐𝑝 is the heat capacity at a constant pressure. Substituting Equation 4-19 into equation 4-17 and 
integrating both sides yields 






𝑙𝑛𝑇 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. (4-20) 
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If we assume the vapor phase to behave as an ideal gas at low concentrations, then an energy threshold of 
vaporization can be calculated as a pressure for a specific temperature. Using knowledge that the vapor 
pressure threshold for water at 373.15 K should be zero, the integration constant can be solved. The energy 
as a pressure required for vaporization at different temperatures can then be defined as  









where Pvaporization is computed based on the vaporization enthalpy requirements (Gaskell, 2008). For 23C, 
this equals approximately 2800 Pa, which is very similar to the table value for the saturation pressure of 
water of 2808 Pa (Bridgeman & Aldrich, 1964). 
Excess energy/pressure beyond what is required for vaporization will contribute to a change in the apparent 
pressure, assuming constant temperature and volume. In order to account for the energy requirements of 
vaporization, the pressure change of the fluid must exceed the saturation pressure prior to enabling 
molecules to use remaining excess energy to increase the pressure at the interface.  
In the new model, the dynamic strain field of the solid is calculated in the first component as a function of 
time. To incorporate this idealized vaporization of near surface fluids the pressure in the fluid is required. 
Unfortunately, while strain is continuous on a thin film over a solid, pressure is not continuous due to the 
different moduli (Qu & Cherkaoui, 2006). Let us make three assumptions: first, that the layer of liquid is 
very thin (on the scale of nanometers to micrometers) resulting in a pseudo-isotropic solid mechanical 
behavior approximated by the fluid’s bulk modulus; second, that the adsorbed fluid is water, such that only 
negative pressures motivate a phase change; and third, that the variation in pressure does not significantly 
affect the temperature of the components.  
Thus, given only the absolute value of the negative portion of the volumetric strain in the solid, and an 
approximate bulk modulus, Eliquid, of the liquid we can calculate the relative humidity change, ∆𝑤𝑙𝑖𝑞𝑢𝑖𝑑, 





Pliquid(t) = Eliquid ∗ εliquid(t) = Eliquid ∗ εsolid(t). (4-23) 
In this formulation, a threshold of activation was defined by the energy requirements of phase changes. A 
change of dynamic pressure larger than the saturation pressure can directly affect a change in relative 
humidity at the liquid-air interface.  
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For example, if the liquid is assumed to be ambient (1 atm, 296.15 K) environmental water adsorbed from 







= 1.27𝑒 − 6 (4-24) 
Equation 4-24 calculates an estimated strain threshold value that roughly agrees with the approximately 
one microstrain activation threshold that has been experimentally observed for slow dynamics in 
uncontrolled laboratory conditions on various natural stone materials (Ten Cate, 2011). Other authors have 
observed different activation thresholds, which can be explained and potentially modeled through the 
multiple factors, such as chemistry, temperatures, and pressures, influencing the thermodynamics of the 
saturation pressure and bulk modulus (Bahadori & Vuthaluru, 2009).   
4.4.3 Murphy grain contact component 
The third component of the complete model is the Murphy grain contact model. The purpose of the 
adsorption model is to approximate the complex relationship between relative humidity and the composite’s 
modulus. The Murphy model (Murphy, Winkler, & Kleinberg, 1984) was generated to capture the loss of 
modulus in unconsolidated spheres due to the addition of the adsorption of vapor at the contacts. This model 
was originally designed for steady state adsorption behaviors. In this application, the logic is used more 
generally to capture the dynamic change in modulus because of the dynamic relative humidity in the 
diffusion channel.  
In brief, the Murphy model takes the difference between the surface energy of quartz in a dried versus a 
submerged state and applies that to a modified Hertzian contact scenario. The model uses the BET 
adsorption algorithm to calculate the volume adsorbed for a specific relative humidity. The reduction in 
surface energy is applied as the adsorbed layer increases. This results in a total reduction of surface energy 
at the completely submerged or 100% relative humidity case. Importantly while the model was derived for 
quartz, previous research (Bernett & Zisman, 1969) has found that the surface tension of adsorbed water is 
less sensitive to the substrate solid than it is to the environmental conditions. These observations suggest 
that the model should be valid for cement materials as well as quartz.  
The simplified derivation of this model follows, where additional details can be found in the original 
literature (Adamson, 1982; Murphy et al., 1984).  
As illustrated in Figure 4.3, the MDM assumes an idealized Hertzian spherical contact between two solid 
spheres, that represent the two sides of a discontinuity in a solid, with the added component of surface 
tension from adhered moisture (Johnson, Kendall, & Roberts, 1971).  
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{𝐹 + 6𝛾𝜋𝑟 + √12𝛾𝜋𝑟𝐹 + (6𝛾𝜋𝑟)2} (4-25) 
where, 𝑟 is the solid particle radius, Q is the shear modulus of the solid particle, 𝑣 is the Poisson’s ratio, 𝛾 
is the surface tension of the adsorbed fluid, and 𝐹 is the normal force across the grains.  
 
 
Figure 4.3: Free body diagram of Hertzian contact between two solid particles of radius r with exaggerated liquid film around 
the particle contact point. (Based on Johnson et al. , 1971).   








where the parallel and perpendicular orientations of the stiffness are defined with respect to the contact 
plane. In order to formulate the value of surface tension (𝛾) at different relative humidities, the equation to 
determine surface tension is based on the energy definition of an interface. One way to classifiy the energy 
at an interface is through the Gibbs excess surface energy. The Gibbs excess surface energy represents the 
difference in energies at an interface (species or concentrations).  Starting with the definition of the Gibbs 
surface excess energy,  
𝑑𝛾 = −𝛤𝑑𝜇 (4-27) 
where Γ is Gibbs surface excess energy and 𝜇 is the chemical potential. The chemical potential can be 
further defined as  
𝜇 = 𝑅𝑇 ∗ 𝑙𝑛(𝑎𝑐𝑡) (4-28) 
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where R is the universal gas constant, T is temperature and act is the chemical activity. In the case of a non-
reacting gas, the chemical activity is replaced with partial pressure P. Thus, the modified equation for a 
change in surface tension owing to small pressure changes in an ideal gas becomes,  
∆𝛾 = 𝑅𝑇 ∫ 𝛤𝑑(𝑙𝑛(𝑃)) 𝑑𝑃 (4-29) 
Substituting 𝛤 from the Gibbs excess surface energy equation at the surface for the density of adsorption 





where n is the number of monolayers at a specific partial pressure, 𝑉𝑚 is the volume of adsorbate needed to 
fill one monolayer, and 𝑉𝑜 is the molar volume of an ideal gas at STP (22.4 L/mol, but it’s not needed). The 
change in surface energy can now be expressed in physical terms such as pressure, temperature and volumes 








The ratio of partial pressure, P, over saturation pressure, 𝑃𝑜, has been defined as relative humidity, w. With 











When the adsorbent material is quartz researchers have measured the surface tension in both a perfectly dry 
environment, 𝛾(0) = 450
𝑚𝐽
𝑚2
 and a water-saturated environment, 𝛾(1) = 136
𝑚𝐽
𝑚2
  (Van Voorhis et al., 
1957).  Given the known initial dry and fully saturated change in surface energy, the ratio of change at a 
specific relative humidity level can be calculated without explicitly knowing 𝑉𝑚, 𝑅, 𝑇, 𝑉𝑜, 𝜉 using, 
















where 𝛹 is the relative change in surface tension for a specific ambient relative humidity expressed as a 
ratio 𝑤𝑖. In order to calculate the adsorbed layer thickness, 𝑛, the BET adsorption algorithm is employed to 
provide 𝑛 as a function of w humidity, m, maximum adsorption layer thickness, and 𝑐, a BET 
thermodynamic constant based on the chemical composition. The 𝑐 term is calculated based on the 





𝑛(𝑤, 𝑐, 𝑚) =
𝑐𝑋
1 − 𝑋
1 − (𝑚 + 1)𝑤𝑚 + 𝑚𝑤𝑚+1
1 + (𝑐 − 1)𝑤 − 𝑐𝑤𝑚+1
. (4-36) 
The last step is to homogenize the parallel and perpendicular contact stiffnesses for a densely packed sphere 









where the 𝑘|| & 𝑘⊥denote the parallel and perpendicular contributions from the contact grain stiffness 
derivation, 𝜓 is the average contacts per grain, and 𝜙 represents the average porosity.  
Because reported results are often normalized with respect to the conditions in the dry state, porosity, the 
average contacts per grain, and the radius, drop out of the following normalized Young’s modulus 















where 𝑘𝑜 is the contact stiffness at dry condition or wdry 𝑖𝑠 zero relative humidity, 𝑘𝑤 is the contact 




Figure 4.4: Reduction of stiffness in different ambient vapor conditions, partial pressure over saturation pressure, normalized 
with respect to a fully dry state for homogenized an idealized contact relationship with the thermodynamic properties of water as 
the adsorbate and quartz as the adsorbent (Murphy et al., 1984, reproduced with permission). 
The change of modulus normalized to a dry condition, or a relative humidity of zero percent is shown in 
Figure 4.4. The figure illustrates how different partial pressures of vapor decrease the effective granular 
stiffness of an ideal bed of quartz contacts.  The figure also displays that several different adsorbates, 
benzene, methanol and water, which have different chemical vapor properties and as a result have different 
influences on the effective modulus. The largest reduction of stiffness occurs for water compared to the 




= 0.2, the relationship between relative humidity and stiffness reduction approaches a linear 
reduction of 0.5 percent dry stiffness per percent relative humidity. 
For this humidity stiffness relationship to be applied to practical dynamic testing, we need to adjust the 
units to be relative to partially adsorbed stiffness rather than a fully dry stiffness. Testing is normally started 
at an initial environmental humidity and experience a small perturbation of humidity, which results in a 
small perturbation of stiffness. Since the dry stiffness state is rarely experienced, measurements are only 
relative based on the stiffness at the starting humidity level. Applying these assumptions with an initial 
environmental humidity of 50%, a relationship of 0.75% “partially adsorbed” stiffness per percent small 
relative humidity change is observed.  
The Murphy model of adsorption participation in grain contact stiffness results in a useful relationship 
between relative humidity and effective Young’s modulus. Several explicit limitations of this model are 
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that this relationship is only valid for entirely contact-based materials (sand), the BET adsorption model 
was used to determine the thickness of the adsorbed film layer and a specific liquid nonreactive chemistry 
with thermodynamic quantities was assumed.  
4.4.4 Integration of model components 
As cohesive materials are damaged, the cohesive bonds are replaced at discontinuous locations with contact 
bonds. The new contact bonds have access to a crack void space and environmental moisture vapor. The 
assumption is made that the bonds can be expected to behave similarly to the unconsolidated spheres 
described in the Murphy model.  
The three models are combined by mapping the change in humidity of the diffusion component and the 
humidity modulus relationship of the Murphy grain contact components to the original linear finite element 
model’s strain field. Parameters such as apparent vibrational resonant frequencies can be extracted through 
eigenvalue analysis. Since the contact stiffness model assumes a fully contact-based material stiffness, the 
resulting model will provide a fully damaged estimate for softening nonlinear behavior. This model output 
can be used to interpret the experimentally obtained values to estimate a damage ratio by reducing the 
nonlinear parameter by the relative amount of the material expected to behave as damaged contact bonds 
compared to cohesive pristine material. 
Throughout the generation of the MDM several simplifying assumptions were made. The first assumption 
was that the transient behaviors are driven by the fluid interactions at contact surfaces. In this assumption, 
the fluid was assumed as very thin films of pure water and the contact surfaces were assumed as hydrophilic 
perfectly elastic spherical solids. The second assumption was the void space of a crack can be modeled as 
a 1D space and that liquid-vapor interaction only occurs at the contact point. The third assumption behind 
this model is the softening behavior is small compared to the initial linear elastic behaviors. Since initially 
a linear model was used to approximate the conditioning excitation strains. Each of these assumptions was 
made to facilitate the formulation of the model.  
4.5 Modeling Slow Dynamic Recovery Behavior 
The MDM approach for time-dependent nonlinearity can be evaluated against slow dynamic measurements 
on Berea sandstone excited through Nonlinear Resonant Ultrasound Spectroscopy (RUS) that were 
published by researchers at Los Alamos National Laboratory. On those efforts, an axial excitation on a test 
sample with uniform cross-section was measured. The results of standard RUS measurements are 
reproduced in Figure 4.5 and they represent the change in resonance frequency after an excitation 




Figure 4.5: Experimental record of slow dynamic recovery measured using resonant ultrasound spectroscopy for Berea 
sandstone (Ten Cate et al., 2000, reproduced with permission). 
A diffusion problem was configured to try and match the evolving recovery behaviors observed in the 
resonance frequency results. The configuration of the diffusion model is a 1-D channel with a unit length 
and a diffusion coefficient of 1.2 × 10-3 s-1. The diffusion coefficient was used as a variable parameter and 
adjusted to best fit the experimental data. In reality, the actual channel length and diffusion coefficient at 
the micron scale for Berea sandstone should be orders of magnitude smaller; however, no suitable reference 
has been found that provides the diffusion coefficient in an expected sub-micron diameter channel since 
this size lies between the Bulk and Knudsen diffusion regions. The two boundary conditions of the 1-D 
diffusion model were set as a vapor sink limit with a gradient of 1 × 10-5 m-1 at the origin of the model, and 
a no-flux boundary located at the opposite end. In order to simulate the initial conditions after a high-strain 
excitation period, the initial humidity conditions were set as an arbitrary Gaussian curve centered at the 




Figure 4.6: Presumed initial condition for a relative humidity distribution prior to the recovery stage of slow dynamics along a 
simulated unit-length 1-D diffusion channel. 
The diffusion model was solved using numerical evaluation within the COMSOL Multiphysics software 
for the time from zero to 1100 seconds, with an initial time step of 1x10-9s. The diffusion model 
concentration results over the same time frame are presented in Figure 4.7.  
 
Figure 4.7: Relative humidity distribution along the unit-length 1-D channel, where different color lines represent the 
distribution at different time steps after mechanical excitation for a total simulation of 1100 seconds. 
The results display two distinct redistribution behaviors in the channel. The first behavior initially spreads 
the localized high concentration across the channel controlled only by the diffusion coefficient. This first 
behavior can be seen in the results as the quick decrease in concentration as time is progressing.  The second 
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behavior, after some time, can be seen as the distribution of vapor begins to be controlled by a combination 
of diffusion path and the limited sink of the simulated adsorption site at the origin of the plot. The molecules 
are required to travel across the remaining channel, reflect off the no-flux boundary, and then return to the 
origin.  
The volume of moisture present in the channel is represented as the average relative humidity of the entire 
channel. A decrease in relative humidity in the channel therefore results in an increase of surface tension 
of water on the surface of the solid particles and an increase in effective modulus. Therefore, the moisture 
that has returned to the origin represents the relative change in effective modulus.   
The experimentally reported slow dynamic modulus recovery data and the returned moisture predicted by 
MDM are plotted in Figure 4.8. The parameters were both normalized and overlaid to illustrate similarity 
between the two over time. Both datasets present a similar nonlinear signature trend over time, specifically 
a large slope near time zero that soon settles into a logarithmic evolution in recovery time. Thus with three 
inputs, a diffusion coefficient, an adsorption limit, and an estimate at an initial condition, the intricate time 
behaviors of slow dynamic modulus recovery are matched to moisture concentration through a diffusion 
relationship. The next steps needed are to connect the role of the dynamic excitation in creating the initial 
moisture profile and to validate this model against an experiment. 
 
Figure 4.8: Comparison between experimentally observed dynamic modulus recovery behavior during resonant ultrasound 
spectroscopy (Data from Ten Cate et al., 2000) and the modeled returned moisture, or adsorbed moisture of a 1-D diffusion 
space over time.  
 
4.6 Experimental Validation of the Mechanistic Diffusion Model 
One core assumption behind the new model was that dynamic excitation would lead to increased internal 
relative humidity in ambient atmospheric conditions. The current state of moisture research in cementitious 
composite materials has been typically focused on either mechanically unloaded (Lucero et al., 2017; 
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Villmann, Slowik, Wittmann, Vontobel, & Hovind, 2014) or statically loaded material over long duration 
(Vichit-Vadakan & Scherer, 2002). In order to validate this excitation humidity assumption, an impact 
vibration experiment was performed with an embedded relative humidity sensor. The humidity within the 
sample was monitored before, during and after an impact series was performed.  
4.6.1 Experimental procedure 
The verification experiment was performed on a mature neat cement paste (w/c 0.45) prism that had been 
dried in ambient laboratory conditions. The prism sample was prepared and moist-cured following the 
procedure defined in section 2.2. A vertical ¼″ hole was drilled in the sample at approximately mid-span 
of the prism. A relative humidity sensor (Sensirion SHT75) was inserted in the hole with a depth centered 
at approximately 3.9 cm from the top surface. The hole was backfilled with poorly graded 100µm diameter 
clean sand and sealed with hot melt adhesive. The testing was performed in an environmentally controlled 
room with 50% relative humidity and a temperature of 23 oC.  
The impact test procedure followed the geometric layout, impact orientation, and receiver and support 
locations outlined in ASTM C215 for excitation of the transverse mode of a prism.  Internal prism relative 
humidity was continuously monitored with an average sampling rate of 3 Hz. The humidity measurements 
were time averaged over five measurements. The instrumented sample was constructed and allowed to rest 
for an initial 24 hours to establish equilibrium between the cement paste, the backfilled sand and the 
humidity sensor. After 24 hours of initial rest, 100 impacts were performed manually using a 15mm 
diameter steel ball impactor over a duration of approximately 60 seconds. A strong impact force and quick 
succession of impacts were chosen in order to maximize the potential internal humidity change.  
4.6.2 Experimental results 
The recorded data, shown in Figure 4.9, provide continuous values of internal relative humidity during the 
application of 100 discrete impact-based measurements of dynamic modulus. Significant softening of the 
dynamic vibration is indicated by a reduction of the fundamental transverse resonance frequency when the 
impact events are started at time zero. The relative humidity measurement shows a notable increase, but 
only after a slight delay of 20 seconds from the start of the impact events. The humidity measurement 
initially rises fast after the initiation of the impact excitations and then recovers slowly upon the start of the 




Figure 4.9: Experimental data illustrating coordination between transient relative humidity expressed as a ratio and resonant 
frequency behaviors for a sample subjected to mechanical excitation starting at time zero.  
4.6.3 Modeled results 
Using the recorded vibration history of a single impact on the test prism, the linear finite element component 
of the three-part model was created to match the geometry, density, mechanical and linear dynamic 
properties. The dynamic strain history of the linear FEM was used to build the transient boundary condition 
of the diffusion model, which was evaluated out to predict the magnitude of the relative humidity increase. 
The combined diffusion channel length and diffusion coefficient was adjusted to a value of 0.14 m2/s to 
match the nonlinear curvature of the collected humidity time series. The flux limit on the transient boundary 
condition was defined as 0.002 m-1.  
The diffusion model generates a distribution of humidity concentration within an idealized 1-D channel. 
However, the ability to measure the humidity is limited to a direct point measurement with a humidity 
gauge or an indirect stiffness measurement through resonance. The direct measurement would physically 
occur at a point near the zero-flux end of the channel, whereas the stiffness measurement would be 
influenced either by the average humidity in the channel or at the humidity source end of the channel. 
Therefore, the method of aggregation of information from the diffusion model is dependent on what 
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information is trying to be predicted. In this validation experiment, the direct humidity measurement is 
desired, so the aggregation of the diffusion information was taken as the humidity concentration at the zero-
flux end of the channel.  
The practicality of carrying out the validation experiment required placing a large internal humidity gauge 
inside the structure of the cement paste. The gauge was several millimeters in size and as a result influenced 
the resulting humidity measurements. In order to account for these influences the concentration measured 
was adjusted accordingly. The adjustment accounted for the internal humidity gauge void being larger in 
volume than the voids in the surrounding sand. The average sand voids were expected to be 15µm in 
diameter, but the void diameter of the relative humidity sensor was approximately 2 mm in diameter. The 
experimentally recorded relative humidity measurements were scaled through an adjustment to account for 
these scaling issues,   
𝑤𝑠𝑐𝑎𝑙𝑒𝑑 = 𝑤(𝑡) ∗  
2 ∗ 10−3𝑚 
15 ∗ 10−6𝑚 
. 4-39 
The resulting model and scaled experimental relative humidity data over time are plotted in Figure 4.10(left) 
for conditioning and Figure 4.10(right) for recovery periods. The conditioning phases both display a fast 
changing relative humidity over the duration of the impact excitation period. Upon the initiation of the rest 
period the relative humidity initially decreased faster than predicted by the model.  
 
Figure 4.10: Comparison of experimentally measured change in relative humidity expressed as a ratio and that modeled with the 
mechanistic diffusion model as a function of time, before, during and after dynamic impact conditioning (CND). Conditioning 
(left) and long-term recovery (right) are shown separately at different time scales.    
4.6.4 Discussion 
The modeled values comport with the experimental results during the strain-driven conditioning phase of 
the validation test. Specifically, as the dynamic excitation starts from rest at time zero, a slight delay was 
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observed before the relative humidity at the sensor location started to rise. This delay was also present 
within the modeled data. The delay in the model was due to the time that was needed for diffusion to reach 
the sensor at the end of the diffusion channel. 
The model also captured a long-term recovery behavior that was seen in the humidity gauge, but it did not 
trend as tightly as the conditioning phase.  One explanation for this difference is that during the long period 
of the recovery phase, the noise of the humidity gauge begins to degrade the absolute measurement over 
time.  
The final validation observation was to compare the measured vibration hysteresis and the predicted 
maximum damaged vibration hysteresis from the model to the before and after linear elastic vibration 
measurements. Linear elastic measurements from the transverse vibrational behavior displayed a before 
and after damage, drying and drilling, modulus of 20.61 and 3.57 GPa. This represented a reduction of 82%, 
due to damage.  
The measured hysteresis from 100 impacts was 4.74% of the maximum damaged vibration modulus. The 
predicted maximum modulus hysteresis from a fully contact based material at 50% relative humidity, as 
defined by the Murphy model, was 5.97%. The estimated damage was calculated as the difference between 
the actual material hysteresis and the simulated fully granular hysteresis, which was 79%. 
Reasonable agreement was observed by comparing the damage parameter obtained from the hysteresis 
behavior, 79%, to the damage parameter measured through linear modulus reduction testing before and 
after the damaging event, which was 82%.  The agreement between the two parameters for estimating an 
extent of damage is within reasonable accuracy for a damaged heterogeneous composite material compared 
to other techniques, such as ultrasonic pulse velocity defined by ASTM C597 (Komlos̆, Popovics, 
Nürnbergerová, Babál, & Popovics, 1996). 
Ultimately, the assumption of moisture migration in the new model was successfully validated by 
monitoring the internal humidity of a cement prism during an impact vibration event. The embedded 
humidity gauge recorded a rise in humidity that correlated in time and nonlinear trends with both slow 
dynamic behaviors and the proposed new-modeled behaviors. The new model successfully provides a 
potential physical mechanism between a high strain dynamic excitation and the hysteretic elastic effects of 
moisture migration affecting grain contact stiffness.  
Existing slow dynamics models assume that once a sample has been conditioned, the remaining nonlinear 
behavior is solely caused by instantaneous strain relationships. This is a problem because this assumption 
does not account for the possible relatively quick early transient conditioning and recovery behaviors. In 
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the MDM model, the recovery phase begins precisely when the strain or boundary pressure is lowered 
below the activation threshold. Thus, the moisture balance is constantly changing during different sub-
periods of continuous sinusoidal excitation. A simplified example of this concept, based on the MDM logic, 
is shown in Figure 4.11 where the average humidity within a dynamically driven diffusion channel is shown 
for a continuous acceleration excitation. In the figure, the long-term slow humidity behavior appears 
constant, while the faster humidity behaviors continue to fluctuate within the excitation period. If the 
dynamic stiffness depends on the relative humidity as the MDM proposes, the transient behaviors exist in 
both a slow dynamic sense, in terms of conditioning and recovery at the scale of hours, and in a fast dynamic 
sense at the scale of microseconds of sinusoidal loading and unloading.  Thus, MDM may have direct 
significance to the interpretation of Dynamic Acousto Elastic Testing (DAET) and pump probe wave 
interaction results (Ten Cate et al., 2016) because it presents a framework for evaluating how the fast strain-
velocity hysteresis parameter relates to the slower logarithmic softening parameters obtained in that test.  
 
Figure 4.11: Illustration of a continuous absolute excitation acceleration (green) and the average relative humidity (blue) in a 
strain-driven 1-D diffusion space.  
Another important implication of the MDM is that environmental testing conditions can be optimized to 
obtain the largest nonlinear effects. At different environmental moisture levels, the contact grain stiffness 
relationship defined by the Murphy model has different magnitudes. At higher environmental humidity, the 
same excitation strain or change in vapor concentration will have an increased impact on the contact 
stiffness. 
Existing models can use the validation experiment data and modeled results along with the identified critical 
parameters of the mechanistic diffusion model to aid in physical interpretation of their own input 
parameters. The parameters used in this model, such as strain, adsorbed fluid surface tension, and the 
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humidity stiffness relationship, can be determined through laboratory experiments. Existing models can 
take advantage of these parameters and define functions in which the higher order visco-elastic terms can 
be formulated through laboratory experiments.  
In the creation of any model, sacrifices for simplicity are required in the pursuit of progress. In the 
mechanistic diffusion model, three principal concerns have been identified. The three concerns revolve 
around the fate of moisture during the non-equilibrium phase of the behavior, the rate of diffusion during 
in the non-equilibrium phase, and the use of an empirical moisture stiffness relationship.  
Regarding the first concern, the MDM presumes that all moisture is transformed into a vapor state upon 
dynamic excitation. This simplifying assumption precludes options for moisture transport such as liquid 
redistribution within the void space. Specifically, the redistribution of moisture from a surface-based 
contact point to a non-contact point may influence the stiffness of a contact. If this phenomenon is 
significant, the MDM may require an additional convection component to be added to the modeling.  
Regarding the second identified concern, the current iteration of MDM contains a combined diffusion 
coefficient and diffusion channel length parameter. The actual values of this combined parameter along 
with the boundary flux limit were unknown, and were implemented as model fit parameters. The resulting 
selected diffusion coefficient in the model, typically 1 × 10-8 m2/s, (channel length 1 × 10-6 m), is below the 
mean free path gas diffusion coefficient, 0.282 × 10-5 m2/s (Bird et al., 2007), and above the Knudsen single-
molecule gas transport diffusion coefficient, 5.3 × 10-9 m2/s (Bedane, Eić, Farmahini-Farahani, & Xiao, 
2016) for water in air. In neat cement paste, the damage caused by thermal, drying, or loading events 
typically present as many small distributed cracks. It was assumed that the diffusion coefficient was reduced 
by interaction with the edges as a vapor diffuses through cracks. In other words, since diffusion progresses 
through a series of random collisions, as the diffusion space is more limited due to small crack diameters, 
the odds of having a collision with the crack edges increase resulting in the rate of travel for the molecule 
decreasing.  
Regarding the third identified concern, the MDM employs the empirical moisture stiffness relationship 
observed by Murphy, Winkler, and Kleinberg (1984) rather than the theoretical model developed by the 
same authors. The empirical model was selected because it focuses on the feasibility of the practical 
application of the theory. This is a problem because we implicitly assume the liquids are water, while the 
underlying thermodynamics of the vapor relationship are critical in determining the softening extent.  The 
influence of different fluid combinations, such as oil, gas, and CO2, on the softening behavior is an area of 
needed attention for future research efforts.  
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These three critiques of the mechanistic diffusion contact model underscore the series of assumptions that 
were required in order to combine the two dynamic field behaviors of moisture transport and elastic 
vibration.  
 
4.7 Summary  
In this chapter, existing slow dynamics models that describe the experimental observations seen in previous 
chapters were evaluated. The experimental data that were presented in Chapters 2 and 3 of this thesis 
showed a strong correlation with moisture. However, existing models for slow dynamic behavior, such as 
the soft ratchet model or the PM space models, do not account for moisture influences. It was determined 
that the existing models without a moisture parameter were unable to explain the experimental observations.  
A new Mechanistic Diffusion Model (MDM) was conceived and developed based on fundamental moisture 
adsorption and diffusion principals to provide a deeper explanation for transient nonlinear dynamic material 
behaviors. The structure and basis of this model differ from existing models because it considers the 
influence of environmental vapors on physical contact mechanics over the conditioning and recovery 
periods.  
 The MDM combines the linear elastic dynamic problem with a strain-driven diffusion 
justification for moisture transport.  
 The MDM contains thermodynamically defined activation threshold behavior, defined by the 
energy requirements for vaporization of an adsorbed liquid. 
 The MDM displays appropriate sensitivity to environmental humidity and temperature by 
considering equilibrium within the multi-phase microstructure.  
 The function of MDM was validated through direct and simultaneous measurement of internal 
relative humidity and the dynamic material modulus during impact vibration excitation.  
 The MDM model enabled limited interpretation of an experimentally observed conditioning 
behavior against the modeled behavior, which agreed with the damage recorded by dynamic 
linear modulus.  
 The MDM can account for transient slow dynamic behaviors existing across a wide range of time 
scales and materials.  
With the improved understanding of transient dynamic behaviors generated from the MDM, the next 
chapter of this thesis will evaluate a case for the direct application of transient slow dynamic behaviors for 
observing microstructural damage in a practical material evaluation case.   
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Chapter 5 Exploring a Practical Application of the Findings 
The goal of the practical application study was to deploy the knowledge learned during the observation and 
modeling phases of this research in a practical civil engineering material testing experiment. In many 
physical science fields, the discovery of an underlying physical behavior occurs from an approach that is 
not directly applicable to material engineers. As a demonstration of application value of transient nonlinear 
dynamic tests, I will explore utilizing the sequential impact test as a possible approach to provide rich 
information about material damage that occurs during the standard drying shrinkage test ASTM C596 on 
neat cement paste samples.  
 
5.1 Micro-structure Damage Indication 
Concrete technology is continuously advancing. New forms of chemical additives and supplementary 
cementitious materials continue to be an active research topic in many laboratories (Cheung, Roberts, & 
Liu, 2016). One standard test to evaluate the performance of new cementitious mixtures is to carry out an 
unrestrained drying shrinkage test. Drying shrinkage occurs after hydration production generation when the 
capillary water is evaporated from a rigid cement matrix (Mindess et al., 2002). The loss of capillary water 
results in strong menisci being formed on internal pore structures in the cement paste. These menisci are 
convex which results in suction surface pressures on the cement matrix, placing the matrix in a stressed 
state. Cracking or matrix failure can result from the difference in stresses along the drying gradient (Grasley 
& Lange, 2004). 
This application experiment was designed to carry out a standard unrestrained drying shrinkage test and 
monitor the progression of transient nonlinear dynamic behaviors. Several samples sets at different levels 
of damage were evaluated by performing standard length change measurements and comparing them to 
both linear dynamic modulus and sequential impact tests. Different groups of damage levels were 
established by adding surfactants or Shrinkage Reducing Admixtures (SRA) to the mix water of the cement 
paste.  
Characterizing cracking or matrix failure in an unrestrained drying shrinkage test is often challenging due 
to the small scale at which the material changes. The standard test measures the total length change of the 
specimen over a series of 21 days. The length change represents the overall elastic and plastic deformation 
change of the solid, but not directly the cracking damage present in the solid. For example, if a specimen is 
long and slender a specific drying shrinkage strain will result in more cracking damage than the same drying 
shrinkage strain would cause in a short and slender specimen. In order to allow for uniform conditions 
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between specimens, tests were performed on uniform sets of 2.5 × 2.5 × 25.0 cm specimens exposed to 
identical environmental conditions.  
5.1.1 Experimental procedure 
The experimental procedure outlines the creation of the neat cement paste shrinkage beams, the controlled 
drying procedure and the measurement techniques used to investigate the beams.  
Twenty prismatic specimens were created from ordinary type 1 portland cement with a water-cement ratio 
of 0.45. Specimens were divided into five different damage groups. Damage was modified by adding 
Shrinkage Reducing Admixture (SRA), BASF Masterlife SRA 20, as water substitution at different levels, 
0-20% by mass, for each group. Shrinkage reducing admixtures act to reduce the surface tension of the 
capillary water and reportedly reach a critical concentration at around 10-15% concentration by mass 
(Rajabipour, Sant, & Weiss, 2008). The reduced surface tension of the water results in less tension forces 
developing in the menisci of the pore structure upon the evaporation of water. The reduction in stress 
reduces the cracking potential and ultimately reduces the cracking damage.  
Sample prisms were cast following the instructions of ASTM C490 and were cured in limewater for 28 
days prior to the drying portion of the experiment. The goal of the long curing duration was to ensure that 
hydration was significantly complete before the samples were exposed to drying. Sample groups of different 
SRA concentrations were cast on sequential days in order to allow time for the later sequential impact 
testing to occur at a consistent specimen age. All samples were visually identical and free from any defects 
at the initialization of the testing protocols.  
After curing, the samples were tested for initial length and linear vibration in a saturated surface dried 
condition. Then the samples were air-dried in an aggressive environment created by an environmentally 
controlled chamber of 32 ± 1oC temperature and 20 ± -5% relative humidity. Samples were tested for mass 
and length change at 1, 3, 4, 7, 14, 28 days of drying, building on the testing frequency suggestions of 
ASTM C596.  
Length change measurements were performed following ASTM C490 using a length comparator, Humboldt 
H-3250D, and an Invar reference bar. The comparator was calibrated for each measurement set relative to 
the reference bar. The length change measurements were calculated as a percentage of the total length of 
the sample beams.  
At 4 and 28 days of drying, or 32 and 56 days since being cast, a 24-hour sequential impact test was 
performed multiple times with a recovery period of two-hours on one sample from each damage group in 
identical environmental conditions. The details of the sequential impact device and environmental control 
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configurations were documented in detail in Chapter 2 of this thesis. Sequential impact testing was 
performed on a two-hour cycle with a series of 100 impacts on three-second impact spacing. The impactor 
ball was a 15 mm steel ball freely falling from a height of approximately two centimeters. Testing was 
repeated for a 24-hour period, and the final three 2-hour cycles were reported. The fundamental flexural 
vibration frequency was identified in the vibration response for each impact.  
The apparent linear modulus, 𝐸𝑎𝑝𝑝 was calculated from the fundamental flexural vibration frequency set 





where 𝐿 is the prismatic sample length, 𝑏 is the width, ℎ is the height, 𝑀 is the mass, 𝑓 is the fundamental 
flexural frequency, and 𝑇 is a geometric correction factor in the standard. In these tests, a value of 1.05 was 
used for 𝑇 considering the sample geometry.  
Previous work in this thesis focused on solely observing the frequency shift during conditioning to 
characterize the slow dynamic behavior. In contrast to this previous work, in this study the nonlinear 
conditioning feature that was monitored was the dynamic modulus change from the initial impact to the 
100th impact during the impact sequence. The change in dynamic modulus was calculated as  
∆𝐸𝑁𝐿,𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑖𝑛𝑔 =
𝐸𝑎𝑝𝑝,𝐼𝑚𝑝𝑎𝑐𝑡 #1 − 𝐸𝑎𝑝𝑝,𝐼𝑚𝑝𝑎𝑐𝑡#100
𝐸𝑎𝑝𝑝,𝐼𝑚𝑝𝑎𝑐𝑡#1
(5-2) 
where 𝐸𝑎𝑝𝑝,𝐼𝑚𝑝𝑎𝑐𝑡 #𝑛 is the dynamic modulus for the n
th impact in a 100 impact sequence. In previous 
applications, only the change in frequency was used as a measure of nonlinearity. However, the frequency 
of resonance is influenced by the vibrational stiffness and density. The change in dynamic modulus method 
of monitoring the nonlinear feature isolates only the effects on the vibration stiffness.  This distinction is 
critical in the current application because the damage is created through the drying of the specimens.  
The transient nonlinear change in dynamic modulus recorded during this experiment is comparable only 
for the specimen geometry and vibration configurations tested. Nonlinear measurements lose the useful 
condition of superposition. It is worth noting that in cases of different samples or different modes of 
vibration, the simplification of calculating the modulus through ASTM C215 fails to be valid.  The concept 
can be demonstrated because the nonlinear responses, the change modulus, are dependent upon strain. In 
these cases, the strain field would not be identical during the vibration events. In this experiment, the 
samples are all geometrically identical and were excited at the same excitation force and mode.  
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5.1.2 Experimental results 
During the drying period of the sample sets, mass measurements were taken to monitor the drying progress 
and influence of the different mixtures on that process. The results of the measurement calculated as a 
percentage of mass change over the number of days exposed to the drying environment are shown for all 
20 beams in Figure 5.1. The four beams in the control group, with no surfactant, were observed to lose the 
most mass, and the four beams in the 20% SRA group, the highest dosage of SRA, were observed to lose 
the least mass during the 28-day drying period. The application of SRAs as a method to reduce the rate of 
moisture loss has been also observed in other research (Bentz, 2005). The dosage levels display distinct 
behaviors since they maintain a slight separation between each level in the mass loss behaviors over time. 
 
Figure 5.1: Mass loss for 28-day old neat cement paste (w/c =0.45) shrinkage beams exposed to 20% relative humidity at 32oC. 
 





Figure 5.3: Data from three repeated measurements of length change (top left), linear dynamic modulus reduction (top right), 
and time-dependent nonlinear measurements (bottom left & right) of drying shrinkage in cement paste specimens (w/c = 0.45) 
after four days of drying in a 20% relative humidity environment. Each color line represents a unique sequential impact testing 
dataset on a single specimen from each dosage group. 
The dataset generated on the fourth day of drying is shown in Figure 5.3. The shrinkage effects, shown in 
the top left plot of Figure 5.3, for the different SRA dosage levels reduce as the dosage percentage of SRA 
increases. This inverse relationship helps confirm that the SRA reduced pore-water surface tension and 
reduced the volumetric drying shrinkage in the samples, as expected. This measurement provides a basis 
for expected levels of damage to be measured through the other non-destructive dynamic methods of 
inspection. This measurement agrees with the previously discussed mass loss and suggests that the 
staggered casting of the samples at different dosage levels will allow for measurement of the different 
groups at the same relative drying exposure duration. 
Linear dynamic modulus reduction was calculated as the difference between the initial dynamic modulus, 
drying-day zero, saturated, and the drying-day four, partially dried, dynamic modulus measurement. The 
linear dynamic modulus reduction, shown in the top right plot of Figure 5.3, decreased as SRA dosage was 
increased. The effects of drying on vibration stiffness were reduced as the dosage of SRA was increased.  
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The transient nonlinear modulus reduction responses are shown in the bottom left plot of Figure 5.3 and 
were calculated in units of modulus in order to facilitate a relative comparison between blocks of different 
densities.  An inverse correlation existed between transient nonlinear modulus reduction and SRA dosage 
levels for all specimens that were treated with SRA. In contrast, the control sample with no SRA dosage 
displayed the smallest transient nonlinear modulus reduction.  
A comparison between the nonlinear modulus reduction responses and the length change, Figure 5.3 bottom 
right, displays the correlation between these two critical parameters. As the length changed, the nonlinear 
response increased for all samples that contained an admixture dosage. The relationship between length 
change and the nonlinear response appears correlated and trends roughly linearly. The control sample, 0% 
SRA dosage and -0.29% length change, was observed to be a significant outlier to this linear relationship.  
The shrinkage measurements for the 28-day drying test are shown in Figure 5.4.  The measured length 
changes, shown in the top left plot in Figure 5.4, show decreased length changes for increasing dosages of 
SRA. This observation confirms the commercial justification for the application of the SRA to improve the 
volumetric stability of concrete.   
When the 28-day length changes, shown in the top left plot in Figure 5.4, are compared to the four-day 
measurements, shown in the top plot in Figure 5.3, we observe similar effectiveness, approximately 65% 
at the 5% dosage level, of the SRA in reducing the volumetric drying shrinkage.  The 28-day length changes 
were consistently more substantial than the four-day length changes for each dosage level; this suggests the 
dosage reduced the speed or magnitude for shrinkage but did not prevent shrinkage from occurring over 
time.  
The linear modulus reduction parameter, top right plot in Figure 5.4, shows two distinct and different 
behaviors. First, for all dosages of SRA, a smaller reduction in linear modulus, damage, was observed with 
increasing SRA dosage levels, as expected. Second, the linear dynamic modulus reduction, damage, for the 
most damaged control samples were decreased compared to the other dosage groups.  
Slow dynamic nonlinear responses, shown in the bottom left plot in Figure 5.4, mirror the behavior of the 
linear dynamic modulus reductions. A positive correlation existed for all dosages of SRA except for the 
control group, which had significantly reduced transient nonlinear behaviors. Higher variability of the 
transient nonlinear dynamic modulus reduction was observed for a single test result in the 1% SRA dosage 




Figure 5.4: Data from three repeated measurements of length change (top left), linear dynamic modulus reduction (top right) and 
time-dependent nonlinear measurements (bottom left & right) of drying shrinkage cement paste specimen (w/c=0.45) after 28 
days of drying in a 20% relative humidity environment. Each color line represents a unique sequential impact testing dataset on 
a single specimen from each dosage group. 
The direct comparison between length change and transient nonlinear dynamic modulus reduction, shown 
in the bottom right plot in Figure 5.4, conformed to the similar observations performed at the earlier 
measurement date. All samples with SRA dosages display a consistent trend with length change, while the 
control sample with no SRA dosage was an outlier.  
When the results from the two testing periods are compared, the linear dynamic modulus reduction, damage, 
for all samples recorded on the fourth day of drying was larger than the linear dynamic modulus reduction, 
damage, for all samples recorded on the 28th day of drying. The transient slow dynamic nonlinear modulus 
reduction parameters also displayed a larger behavior on the fourth day of drying than on the 28th day of 
drying.  
5.1.3 Discussion 
The goal of this research was to evaluate the potential application of transient nonlinear dynamic behaviors, 
such as transient modulus reduction, to detecting small levels of damage or cracking in cement paste. The 
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application of shrinkage reducing admixtures and a uniform drying environment enabled the creation of 
several different internal microscopic conditions of moisture-driven damage through volumetric change. 
The different volumetric changes were verified with mass and comparator measurements, which observed 
a decrease in length change with increasing SRA dosage, as expected. A clear separation in the dosage 
groups was observed in the comparator measurements, which helps confirm that distinct damage conditions 
exist between the dosage groups.  
The standards-based method of measuring the mechanical damage was recorded by the difference of before 
and after drying linear dynamic modulus. This method requires two measurements, before and after, for 
each sample and allows a simplistic comparison of the stiffness observed.  The early linear dynamic 
modulus results collected on the fourth day of drying show that the highest loss of modulus occurred for 
the control group and less loss of modulus occurred for each of the higher dosage level groups. This 
observation confirms that mechanical damage occurred at the exposure to drying and that the dosage level 
mitigated some of the loss of mechanical stiffness. The following linear dynamic modulus results collected 
on the 28th day of drying show less modulus loss overall, and a significantly reduced modulus loss for the 
control group.  
The observed non-correlating control group on the 28th day of drying required further understanding of the 
sample dataset over the two time-frames of the impact tests. The linear dynamic modulus reduction at day 
4 was approximately 13 GPa, while at day 28 the reduction was 6.6 GPa. The control sample recovered a 
significant amount of the mechanical stiffness between day 4 and day 28 as recorded by the linear dynamic 
modulus test. The measurements of linear modulus loss for the specimens with SRA dosages also display 
a rebound in modulus but at a lower magnitude. It has been reported in other research that this rebound may 
be due to unreacted cement particles that exist within the matrix reacting with the remaining pore solution 
upon the creation of cracks (Stynoski, 2015; Suleiman & Nehdi, 2018). The addition of SRAs may act 
simultaneously to retard hydration and delay or limit the recovery process of due to the concentrated SRA 
pore solution (He, Li, Chen, & Liang, 2006). The healing of the matrix over time since the initial drying 
exposure can explain the two behaviors observed in the linear reduction of modulus with different pore 
solution chemistries including SRAs.  
Transient dynamic nonlinear behavior was measured through the application of the sequential impact 
device.  The transient nonlinear modulus reduction behaviors observed on day four also display two 
different behaviors based on pore solution chemistry. For situations where the internal chemistry (SRA 
presence) was identical, time-dependent nonlinear modulus reductions correlated positively with length 
changes and with reductions in linear dynamic modulus. However, a significant deviation from the 
correlation was recorded when no shrinkage reducing admixtures were added to the pore solutions.  
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In this application study, the SRA dosage levels were observed to have a uniform increased transient 
modulus reduction behavior with time compared to the control specimen with no SRA additive. These 
results of increasing modulus reduction appear in contrast to work that has been done with low surface 
tension fluids in equilibrium conditions on sandstones (Tittmann, Clark, Richardson, & Spencer, 1980). In 
equilibrium conditions, lower surface tension fluids, such as benzene have exhibited less modulus softening 
than higher surface tension fluids such as water.  
One explanation for this conflict is that the observed transient dynamic softening behavior is highly 
influenced by the heat of desorption of the fluid on a specific surface rather than simply the surface tension. 
Previous research has summarized how the molecular structure of the liquids is the driving factor behind 
the higher heat of desorption of the fluids (Murphy et al., 1984). The heat of desorption describes the amount 
of energy that is required to move a molecule from the liquid phase to the vapor phase. In other words, the 
heat of desorption is the heat that is consumed through evaporation. In practice, we know that benzene 
evaporates quickly at standard atmospheric conditions, while other fluids such as water evaporate 
significantly slower. SRAs have been observed to evaporate slower than pure water, which suggests a 
higher heat of desorption is required (Bentz, 2005; Sant, Eberhardt, Bentz, & Weiss, 2010). Using heat of 
desorption as a primary factor of modulus reduction rather than surface tension, the transient slow dynamic 
results compare favorably with the softening results reported in previous studies at equilibrium conditions. 
The transient nonlinear modulus reduction measured on the 28th day of drying was uniformly less than the 
identical measurements from the fourth day of drying. This smaller behavior agrees with the potential 
microstructural modulus recovery between the two comparable measurement days in the linear dynamic 
modulus reduction. The transient nonlinear dynamic behaviors were shown to capture the mechanical state 
of the solid even with only one snapshot of the history of the material.  
The time-dependent dynamic behaviors were each carried out at only one point in the lifetime of the 
material, compared to the linear dynamic measurement which required a before and an after case to 
calculate a reduction in modulus. For limited access cases, such as historic structures or critical 
infrastructure, time-dependent dynamic measurements display a potential for additional information that 
cannot be collected using only linear dynamic inspection techniques.    
 
5.2 Summary 
The goal of the application study was to deploy the knowledge learned during the observation and modeling 
phases of this research towards improving a standardized civil engineering material testing experiment. 
Sequential impact dynamic testing for transient nonlinear behaviors was added to the standardized ASTM 
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C596 measurement for monitoring an unrestrained cement paste drying shrinkage test. The addition of this 
nonlinear dynamic testing apparatus to the standard enabled the capturing of nonlinear features, such as the 
magnitude of transient nonlinear modulus reduction, along with the standard volumetric length changes.  
In terms of damage detection, the volumetric and dynamic linear measurements displayed less damage with 
increasing SRA dosage amounts, as expected. The dynamic linear and transient nonlinear measurements 
captured behaviors, such as mechanical modulus healing after the initiation of the drying event, that the 
volumetric measurement was not able to reveal. Dynamic linear and transient nonlinear measurements also 
displayed less damage magnitude over the two tested times since the start of the drying damage protocol. 
Both measurement techniques were able to characterize the initial drying damage and the subsequent 
chemical healing of the microstructure.  
The transient nonlinear slow dynamic behaviors offer a measurement technique that does not need a priori 
measurements of a material to estimate the relative extent of damage or discontinuities. All other test 
methods, such as using a comparator or measuring linear modulus reduction, require inspection be 
performed at multiple points in time. This feature of transient nonlinear dynamic behaviors is primarily of 
value for determining the extent of damage from extracted material samples of critical infrastructure 
components, such as building facades or bridge decks. The value of this test method is especially significant 
when funds and access to perform relative damage testing are often limited to only during the after damage 
event case.  
The chemistry of the adsorbed moisture environment was discovered to be a critical factor in the transient 
nonlinear dynamic behavior. The control group, with no SRA dosage, displayed the least amount of 
transient nonlinear slow dynamic behavior despite having the largest volumetric change measured by the 
comparator. These observations signify that the chemical composition of the adsorption fluid was critical 
in interpreting the results of sequential impact tests, especially when mechanical damage is the target for 
interpretation. This observation highlights the value of a comprehensive, physically justified model of 




Chapter 6 Contributions and Future Work 
6.1 Contribution of This Dissertation 
Prior to establishing the future direction of this work, it is essential to review the contributions that have 
been made in each chapter. Previous studies on slow dynamics were most often carried out in geologic 
materials that can display inconsistent material properties between samples, especially in a damaged state. 
The initial contribution of this work was to identify slow dynamic behavior in a series of controlled neat 
cement paste samples having different levels of damage and moisture states. This contribution is noteworthy 
because the samples tested were created and maintained in a saturated state since their inception. This 
characteristic allowed the slow dynamic behaviors to be evaluated in a material that was microstructurally 
damaged, yet fully saturated. The experimental data displayed no transient softening behaviors in damaged, 
saturated cement paste prisms. This observation combined, with the knowledge of previous research, 
suggested that partial saturation conditions are a required condition of slow dynamics.  
The second fundamental contribution of this work was the study of microstructural characteristics in cement 
paste during slow dynamic behaviors. A particular challenge that had to be overcome was the combination 
of a piezoelectrically driven vibration event with a vacuum-protected electron-imaging beam source. The 
results enabled observations of surface moisture migrating away from and returning to the exposed 
vibration surfaces during and after a conditioning event. To the author’s knowledge, these were the first 
reported visual observations of physical behavior occurring during slow dynamic conditioning and 
recovery.  
The third contribution of this work was the development of a model (MDM) that tied the physical material 
softening (modulus reduction) with the observed moisture migration observations. The MDM model is 
based on previous work that defined an internal state variable that modified linear mechanical responses. 
Unlike previous work, the MDM defined an internal variable based on diffusion processes that are affected 
by dynamic strain and integrated through Hertzian contact processes. The MDM proposes a thermodynamic 
justification for the activation threshold of slow dynamics and provides mechanistic justification for 
observed slow dynamic behaviors such as the conditioning, owing to vaporization, and recovery, owing to 
diffusion transport.  
The final contribution is the utilization of slow dynamic behaviors for the characterization of degradation 
in materials. Most of the nonlinear slow dynamic conditioning data correlated with linear measurements of 
degradation. Most notably, the slow dynamic measurements were performed at a single point in time, 
whereas conventional linear measurements required two measurements before and after the damage 
occurred. Often material samples are only available after a damage event has occurred and conventional 
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methods of damage estimation cannot be reliably applied. However, the slow dynamic testing method 
presents an approach that can be applied even after the damage has occurred.  
Taken together, the contributions of this dissertation improve the understanding of slow dynamics behavior 
and provide an explanation with a physically based model to predict such behaviors.        
 
6.2 Future Work: Experimental Imaging  
Following on from the work presented in Chapter 3, much potential is offered by micron and nano-scale 
imaging of materials during dynamic excitation. The combined wet and dry scanning electron imaging 
experiments were designed to determine if the synchronous application of vibration events and electron 
imaging was possible. In light of the positive results, additional studies into high-resolution imaging should 
be investigated. Additional tests may require coating the test specimens with conductive materials, which 
adds complication. Higher resolution imaging could enable or improve the effectiveness of DIC to monitor 
damage. Improved image resolution and post-process procedures could allow extraction of strain behaviors 
at the sub-micron levels and help better understand the fundamentals of the complex “fast dynamic” 
interactions.  
 
6.3 Future Work: Modeling  
6.3.1 Physio-chemical modeling  
The MDM described in Chapter 4 is based on empirical correlations between environmental relative 
humidity and material contact stiffness. These correlations are limited in application to substances that have 
been defined by the BET adsorption model, such as water. However, concrete materials are often 
contaminated with complicated fluid solutions, such as shrinkage reducing admixtures or liquid carbon 
dioxide, which requires a more comprehensive understanding of their vaporization through molecular 
modeling.  
One path to explore more comprehensive modeling is to consider physical manifestations at the micro scale, 
for example including the molecular potentials of the components. Molecular dynamic modeling is a tool 
that enables unprecedented ability to elucidate complex molecular level interactions. I propose to further 
investigate the conditioning behavior of dynamic material memory behaviors by formulating a molecular 
dynamics model around multi-phase grain contact and observing the structure-phase interactions during 
mechanical vibrations.  
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Molecular modeling however has limitations that restrict the simulation to short time durations and a small 
representation of physical space. Both of these limitations should be overcome by modeling a micron scale, 
single contact surface for short durations of excitation.  Modeling in this simulation environment would 
provide enlightening perspective about mass transport rates, equilibrium participation of the fluid 
movement, and the distribution of forces on the contact surfaces. 
6.3.2 Model verification 
The verification component of the MDM model (Chapter 4) was performed by inserting a relative humidity 
gauge inside a cement matrix sample during vibration. This verification was successful in measuring a 
physical humidity change but the complexity of the cement matrix makes it difficult to modify the fluids or 
pressures. To further develop the MDM and understand the dynamic adsorption-contact interaction a 
simplified experimental configuration is needed.  
To simplify the experiment, a nonreactive nonporous brittle material is suggested. Glass presents the ideal 
medium to carry on development of the MDM. The damaged glass block samples were observed to display 
significant dynamic memory behaviors in the global observations section of Chapter 2. I propose we further 
develop the MDM by arranging an experiment such that damaged glass is exposed to varying levels of 
adsorption of different vapor species while being monitored by stress wave measurements.   
The results of this validation study will improve the understanding of the interaction between the small-
adsorbed layers and the mechanical manifestations measured through mechanical wave propagation. This 
information can then be used for practical applications, for example to formulate advanced admixtures for 
concrete products that influence the durability or dynamic responses of the glasslike damaged composite 
materials.  
 
6.4 Future Work: Application Studies 
A fundamental pillar of the engineering profession is the application of science for society. In civil 
engineering, the application potential ranges from improved designs for new construction to improved 
understanding of existing structures. The following proposed application studies aim to apply the 
dissertation results for practical application value.  
6.4.1 Creep  
Creep, a time-dependent behavior, is difficult to measure in concrete. Creep describes the slow deformation 
over time of a material that is subjected to an external load. Creep has been observed to depend significantly 
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on internal moisture content and occurs over a long time frame. In this sense, transient slow dynamic 
behaviors display characteristics similar to recoverable components of creep behaviors.  
Slow dynamic behaviors may act as proxy to indicate the recoverable creep potential of a concrete sample 
in a specific environment or condition. I propose that a study compare the slow dynamic behaviors of 
concrete exposed to different creep conditions. If a correlation can be observed between the dynamic 
behaviors and the creep behaviors, then this measurement technique has the potential to reduce the time 
needed to study and predict creep behaviors. Specifically, this slow dynamic testing may be able to quickly 
evaluate different composite mixtures’ abilities to resist unfavorable creep.  
6.4.2 Manufactured glass or silicon micro-structures 
In this dissertation work, a physical mechanism was proposed to be the controlling feature behind the 
softening of a composite material when exposed to high strain events. The magnitudes of the softening 
behavior were influenced by the number of contact discontinuities and the thermodynamics of the fluid 
present in the microstructure. The concept may be used to drive the design of new microstructures with 
many contact discontinuities and an enclosed vapor, such that the softening behaviors are significantly 
magnified in this new manufactured system.  
Significantly magnified damping behaviors can provide damping for high-strain dynamic events, such as 
automotive collisions or the arresting ballistic or seismic events. Because the energy absorption 
fundamentally occurs through a reversible phase change, the underlying physics are more environmentally 
friendly than the consumption of foam or plastic dampers.  
6.4.3 Field deployments (study existing structures) 
Cementitious composite materials have existed for thousands of years. As a result, such structures need to 
be evaluated for safety. The sequential impact test described in Chapter 2 provides an approach for cores 
from historic structures made of cement-based composites or stone to be nondestructively evaluated for 
characterization of damage. By carefully studying the magnitudes of slow dynamic conditioning over time, 




Chapter 7 Conclusions 
The objectives of this dissertation were to explore, explain, and model transient nonlinear slow dynamic 
behaviors and further to apply these behaviors for use as a tool for nondestructive testing of civil 
infrastructure materials. A set of controlled observations of the behavior at both the global and micro scales 
were carried out. In order to better understand and interpret the observed behaviors, a mechanistic and 
physical model was created. Then the observed behaviors were applied for a nondestructive damage 
measurement of a material used in civil infrastructure, namely drying neat cement paste. The specific 
conclusions from these efforts have been summarized below for pertinent chapters.  
 
7.1 Global Scale Observations   
Transient nonlinear slow dynamic material conditioning behaviors were measured in neat cement paste 
samples using sequential impact experiments. Based on those studies, the influence of moisture, damage 
and uncontrolled environmental conditions on the results were examined. The following conclusions were 
drawn:  
 The data from sequential impact tests showed distinct slow dynamic conditioning behaviors in impact 
resonance data from neat cement paste samples. During the application of a sequence of 100 impacts 
of equal intensity, a nonlinear decrease in dynamic stiffness was measured through the resonant 
frequency of vibration. For an ambient-dried cement paste prism, the change in resonance frequency 
over 100 impacts was approximately between 0.1 and 0.4% of the initial fundamental flexural mode.     
 The data also displayed slow dynamic recovery behaviors before the onset of the next test sequence. 
Specifically, after a two-hour rest period, the impact sequence was repeated. The initial dynamic 
stiffness of the repeated sequence was observed to approach the initial dynamic stiffness of the previous 
sequence.  
 Repeatable and reliable sequential impact slow-dynamic conditioning measurements required 
temperature and humidity to be well controlled, temperature within ± 0.1 °C and relative humidity 
within ± 5%, such that the test samples were well isolated from environmental contamination. 
 The sequential impact test data were collected for a series of sample groups that explored the 
significance of different generated damage levels, moisture levels, and environmental effects. The 
different damage levels in a saturated sample affected the dynamic linear modulus but did not have an 
observed effect on the slow dynamic conditioning behavior. The different damage levels in a dried, 
partially saturated, sample did have a significant effect on both dynamic linear modulus and slow 
dynamic conditioning behavior.  
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 A codependence between moisture and damage levels on slow dynamic conditioning behavior in the 
neat cement paste samples was observed. Both conditions, cracking damage and partial saturation, were 
required to set up measurable and statistically significant transient nonlinear slow dynamic behaviors.   
 
7.2 Micro Scale Observations 
The dynamic memory behavior of neat cement paste disc samples was studied using a specially designed 
millimeter-scale nonlinear RUS device such that the sample could be concurrently examined using electron 
imaging. The combined imaging and vibration information allowed the microstructural characteristics of 
the same sample during slow dynamic conditioning and recovery to be studied at high resolution.  
High strain RUS was successfully implemented on a millimeter-scale disc sample. The test setup enabled 
direct imaging of the top surface of the disc sample before, during, and after a high strain-conditioning 
vibration event was applied. The following conclusions were drawn:   
 Tests carried out in a low humidity environment, 10-20% relative humidity, exhibited no changes in 
microstructure at the micron scale during the tests.  
 Sub-micron advanced image processing with DIC algorithms did suggest possible changes caused by 
the high-strain conditioning event located nearby open surface cracks.  
 Tests carried out in high humidity environments, 95% relative humidity, revealed that surface and 
pore moisture migrated away from the exposed surface and pore areas during the application of the 
high dynamic strain event. Then upon cessation of the dynamic strain, the moisture returned to the 
interior of the pore areas and eventually returned to the exposed surface.  
 Imaging tests carried out in a region of low modal dynamic strain displayed no transient moisture 
migration.    
 
7.3 Modeling Slow Dynamic Behaviors 
Existing models to predict slow dynamic behaviors were reviewed. Existing models appear to be theoretical 
fitting operations rather than physically-based models. Here, a transient mechanistic physical model was 
developed that couples dynamic vibration behavior with a localized nonlinear diffusion behavior in the 
material subject to vibration. The following conclusions were drawn:  
 The new Mechanistic Diffusion Model (MDM) proposed here was based on strain-driven 
vaporization within defects (cracks and voids) in the material. The strains were generated by the 
dynamic vibration at the Hertzian contact points around a defect.   
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 Data from the MDM match RUS data obtained from the literature for Berea sandstone during slow 
dynamic conditioning and recovery phases.  
 Experiments performed on a neat cement paste prism with an embedded relative humidity gauge 
support the basic moisture phase migration contentions of the MDM. The concentration of moisture 
vapor, or relative humidity, within the prism increased when the high-strain sequential impact loading 
initiated the conditioning phase of the testing. Prior to testing, the prism had reached an equilibrium 
with the environment; therefore, the only source of moisture to raise the humidity was provided by 
internal surfaces. Upon cessation of the conditioning impacts, the relative humidity decreased slowly 
over time, returning to an equilibrium state of moisture content. Resonance behaviors were monitored 
along with the moisture measurement, which confirmed the slow dynamic softening of the dynamic 
stiffness.     
 Data from experiments performed with an embedded relative humidity gauge were evaluated with the 
MDM. The observed experimental transient slow dynamic modulus softening, 4.74%, compared to 
the predicted modeled granular softening, 5.97%, suggests that the experimental behavior of the 
damaged prism was not completely identical to a granular material. The difference between the 
measured and the predicted granular modulus conditioning behaviors was 79%. The conditioning 
difference comports with the percentage of linear dynamic modulus loss, 82%, owning to damage. 
The percentage of loss in linear modulus for a specific mode was similar to the percentage increase in 
slow dynamic conditioning magnitude.  
 
7.4 Exploring an Application  
The MDM was applied to examine the measurement of damage in neat cement paste during the action of 
drying shrinkage. Different amounts of shrinkage reducing admixtures were used in cement paste samples 
to elicit different degrees of damage caused by drying shrinkage in prisms exposed to drying conditions. 
Samples were monitored using a length comparator, linear dynamic testing, and nonlinear sequential impact 
testing. The following conclusions were drawn:  
 The linear dynamic modulus results suggest that the initial dehydration caused the majority of the 
shrinkage cracking damage, and in the following days, self-healing behavior occurred to partially 
restore the modulus. The linear dynamic modulus difference of the before- and after-drying samples 
was used as a measure of damage. The damage in the control sample after four days of drying, 
approximately 13 GPa, was larger than after 28 days of drying, approximately 6.6 GPa. The self-
healing behavior complicates the assessment because measurements of damage depend on drying 
treatments and duration of drying time.  
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 For samples that had been dosed with shrinkage reducing admixtures, the slow dynamic conditioning 
data measured using sequential impact testing trended with other measurements of damage.  As the 
admixture dosage increased, less slow dynamic conditioning behavior was observed, less change in 
length was recorded, and less damage in the linear dynamic modulus was observed.  
 A significant difference in slow dynamic conditioning behaviors was observed between the control 
samples (with no admixtures) and the samples that had been dosed with shrinkage reducing 
admixture. The conditioning behavior of the control samples after four days of drying was 
approximately 1/3rd of the 1% dosage samples, despite the control sample having the most substantial 
volumetric physical shrinkage as measured by the comparator. Additionally, the control sample had 
the greatest difference between the before- and after-dying linear dynamic modulus. These two 
groups of samples differed in their fluid chemistry because of the dosed admixture. Based on results 
from the MDM, the addition of a highly polarized molecule, i.e. shrinkage-reducing admixture, may 
influence the strain threshold for vaporization.   
 This application highlights both the successful increased sensitivity in measuring for small amounts 
of microstructural damage and the added difficulty of measurement in a diverse uncontrolled 
chemical environment with transient nonlinear behaviors.  
 
7.5 Summary 
In summary, nonlinear behaviors enable enhanced sensitivity for the inspection of infrastructure material 
components. Unfortunately, nonlinear dynamic data are influenced, and disrupted by, additional factors 
such as environmental effects.  The work presented here provides a unified series of observations that builds 
a deeper understanding of the effects of these influences.  Based on these observations, a unified model 
(MDM) for the dynamic mechanical response that accounts for such influences was developed. A civil 
engineering material inspection application, drying shrinkage damage in cement paste, was carried out with 
successful relative comparisons of damage captured by the slow dynamic results. The application also 
identified the significance of pore solution chemistry in interpreting nonlinear results between samples with 
different chemistries.  
The public safety, historical, and economic value of existing cementitious composite infrastructure makes 
inspection a significant societal challenge. Yet inspection of cementitious composite material remains a 
difficult task. The created sequential impact experimental technique, the unified model (MDM), and the 
drying shrinkage damage application present a promising approach for the nondestructive inspection of 
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Appendix A Sequential Impactor Code 
This appendix provides the MATLAB and Arduino code utilized during the operation of the sequential 
impactor device.  
File: MagnetImpactor.INO  
Description: Arduino microcontroller code to drive magnetic armature 
#include <AFMotor.h> 
#include <SerialCommand.h> 
AF_DCMotor motor(2, MOTOR12_1KHZ); // create motor #2, 64KHz pwm 
SerialCommand sCmd;     // The SerialCommand object 
int myA1[]={75,70,65,60,55,50, 45, 40, 35, 30}; // free fall duration 
   
void setup() { 
  Serial.begin(9600);           // set up Serial library at 9600 bps 
  sCmd.addCommand("I",     impact); 
  sCmd.setDefaultHandler(unrecognized);  
   
  Serial.println("Motor test!"); 
  pinMode(2, OUTPUT);  
  digitalWrite(2,LOW); 
  pinMode(A1, INPUT); 
  pinMode(A5, INPUT); 
  motor.setSpeed(255);     // set the speed to 200/255 
  motor.run(BACKWARD);      // away 
} 
 
void loop() { 
  sCmd.readSerial();      
} 
 
void impact() { 
  int aNumber; 
  char *arg; 
  arg = sCmd.next(); 
  if (arg != NULL) { 
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    aNumber = atoi(arg);     
    Serial.print("First argument was: "); 
    Serial.println(aNumber); 
  } 
    delay(250); 
    Serial.print("tick"); 
    motor.setSpeed(255); 
    Serial.print("tock\n"); 
    motor.run(RELEASE);      // drop 
    delay(myA1[aNumber-1]); 
    motor.run(BACKWARD); 
    delay(100); 
} 
 
void unrecognized(const char *command) { 





File: EnvironmentalSensors.INO  
Description: Arduino microcontroller code to read/report temperature, humidity and barometric pressure  
// Derived from HIH6130, BMP180 Documentation and Arduino Examples by Peter 







  Serial.begin(9600); 
  Serial.println("REBOOT"); 
  if (!pressure.begin()) 
  { 
   Serial.println("BMP180 initialization fail\n\n"); 
  } 





  char status; 
  double T,P; 
 
  status = pressure.startTemperature(); 
  if (status != 0) 
  { 
    // Wait for the measurement to complete: 
    delay(status); 
    // Retrieve the completed temperature measurement: 
    // Note that the measurement is stored in the variable T. 
    // Function returns 1 if successful, 0 if failure. 
 
    status = pressure.getTemperature(T); 
    if (status != 0) 
    { 
      // Print out the measurement: 
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      Serial.print("t:"); 
      Serial.print(T,2); 
      Serial.print("C, "); 
      // Start a pressure measurement: 
      // The parameter is the oversampling setting, from 0 to 3 (highest res,  
// longest wait). 
      // If request is successful, the number of ms to wait is returned. 
      // If request is unsuccessful, 0 is returned. 
      status = pressure.startPressure(3); 
      if (status != 0) 
      { 
        // Wait for the measurement to complete: 
        delay(status); 
        // Retrieve the completed pressure measurement: 
        // Note that the measurement is stored in the variable P. 
        // Note also that the function requires the previous temperature  
  // measurement (T). 
        // (If temperature is stable, you can do one temperature measurement  
        // for a number of pressure measurements.) 
        // Function returns 1 if successful, 0 if failure. 
        status = pressure.getPressure(P,T); 
        if (status != 0) 
        { 
          // Print out the measurement: 
          Serial.print("abspre:"); 
          Serial.print(P,2); 
          Serial.print("mb, "); 
        } 
      } 
    } 
  } 
   byte _status; 
   unsigned int H_dat, T_dat; 
   float RH, T_C; 
          
  _status = fetch_humidity_temperature(&H_dat, &T_dat); 
     RH = (float) H_dat * 6.10e-3; 
   T_C = (float) T_dat * 1.007e-2 - 40.0; 
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      Serial.print("RH:"); 
      Serial.print(RH, 2); 
      Serial.print(", T2:"); 
      Serial.print(T_C, 2); 
      Serial.print("C, "); 
 
       
  Serial.println(",EOL"); 
  delay(1000);  // Pause for 5 seconds. 
} 
byte fetch_humidity_temperature(unsigned int *p_H_dat, unsigned int *p_T_dat) 
{ 
      byte address, Hum_H, Hum_L, Temp_H, Temp_L, _status; 
      unsigned int H_dat, T_dat; 
      address = 0x27;; 
      Wire.beginTransmission(address);  
      Wire.endTransmission(); 
      delay(100); 
       
      Wire.requestFrom((int)address, (int) 4); 
      Hum_H = Wire.read(); 
      Hum_L = Wire.read(); 
      Temp_H = Wire.read(); 
      Temp_L = Wire.read(); 
      Wire.endTransmission(); 
       
      _status = (Hum_H >> 6) & 0x03; 
      Hum_H = Hum_H & 0x3f; 
      H_dat = (((unsigned int)Hum_H) << 8) | Hum_L; 
      T_dat = (((unsigned int)Temp_H) << 8) | Temp_L; 
      T_dat = T_dat / 4; 
      *p_H_dat = H_dat; 
      *p_T_dat = T_dat; 





File: MainImpactor.m  
Description: Matlab controller to setup timer for sequential impact 
 
% MainImpactor.m Setup DAQ 
% Requires Pico Technology SDK and a Picoscope 5442A DAQ. 
% Load DAQ drivers and setup DAQ properties   
addpath('C:\Program Files (x86)\Pico Technology\SDK\lib\'); 
addpath('C:\Program Files (x86)\Pico Technology\SDK\src\MATLAB\Functions'); 
PS5000aConfig; 
ps5000aDeviceObj = icdevice('picotech_ps5000a_generic.mdd'); 
connect(ps5000aDeviceObj); 
[status] = invoke(ps5000aDeviceObj, 'ps5000aSetChannel', 0, 1, 0, 10, 0); 
[status] = invoke(ps5000aDeviceObj, 'ps5000aSetChannel', 1, 0, 0, 9, 0); 
[status] = invoke(ps5000aDeviceObj, 'ps5000aSetChannel', 2, 0, 1, 9, 0); 
[status] = invoke(ps5000aDeviceObj, 'ps5000aSetChannel', 3, 0, 1, 9, 0); 
[status, resolution] = invoke(ps5000aDeviceObj, ... 
'ps5000aSetDeviceResolution', 16); 
[status] = invoke(ps5000aDeviceObj, 'setSimpleTrigger', 0, 100, 2, 0, 10000); 
tb=4; %4 for AL, 4 for Conc; 6 for sBeams; 10 for Glass Pristine 4 for  
       %shocked 
[status, timeIntervalNanoSeconds, maxSamples] = invoke(ps5000aDeviceObj, 
'ps5000aGetTimebase', tb, 0) 
 
set(ps5000aDeviceObj, 'timebase', tb); 
set(ps5000aDeviceObj, 'numPreTriggerSamples', 50000); 
set(ps5000aDeviceObj, 'numPostTriggerSamples', 3000000); 
 
% Setup Impactor port and communications 
s = serial('COM9');  
s.InputBufferSize = 100;  
s.DataTerminalReady='off'; 
try 
    fopen(s); 
    fclose(s); 
catch err 
    fclose(s); 
    error('Make sure you select the correct COM Port where the Arduino ... 
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 is connected.'); 
end     
mytestname = strcat(datestr(now,'yyyymmdd-HH'),'testb'); 
if(~isdir(strcat('data/', mytestname))) 




    % Setup Timer  
    t = timer; 
    t.StartFcn = @(~,thisEvent)disp([thisEvent.Type ' executed '... 
        datestr(thisEvent.Data.time,'dd-mmm-yyyy HH:MM:SS.FFF')]); 
    t.TimerFcn = {@CollectPoint,ps5000aDeviceObj,s, mytestname, ... 
timeIntervalNanoSeconds}; 
    t.StopFcn = @(~,thisEvent)disp([thisEvent.Type ' executed '... 
        datestr(thisEvent.Data.time,'dd-mmm-yyyy HH:MM:SS.FFF')]); 
    t.Period = 3; % Seconds between starting the function 
    t.TasksToExecute = 100; % Number of impacts in a set 
    t.ExecutionMode = 'fixedRate'; % Continue on a timed basis  
    start(t) 
    wait(t) 
    delete(t) 
 
    % Unload and Close     
    disconnect(ps5000aDeviceObj); 
    delete(s) 
    clear device s interfaceobj groupObj; 
catch err  
    % Unload and Close even upon failure    
    disconnect(ps5000aDeviceObj); 
    delete(s) 







File: CollectPoint.m  
Description: Matlab function to initiate an impact and collect acceleration data 
function [ waveformArray ] = CollectPoint(obj, event, ps5000aDeviceObj,s, 
mytestname , SI) 
% This function performs the single impact test execution and data save 
    tic 
         
    % Initiate Impact Event 
    disp(strcat(datestr(now), 'Sending Strike')); 
    try 
        fopen(s); 
        fwrite(s,'I 6|'); % Impact Timing Selector 
    catch err 
        fclose(s); 
        error('Make sure you select the COM Port where the Arduino...  
is connected.'); 
    end 
    % Prime DAQ 
    [status] = invoke(ps5000aDeviceObj, 'runBlock', 0); 
    [chA, chB, chC, chD, numSamples, overflow] = ...  
invoke(ps5000aDeviceObj, 'getBlockData', 0, 0, 1, 0); 
    fclose(s); 
    SampleInterval=double(SI)*10^-9; 
    % Stop the device 
    [status] = invoke(ps5000aDeviceObj, 'ps5000aStop'); 
    disp(strcat(datestr(now), 'new data received')); 
    save(strcat('data/', mytestname,'/',num2str(now(),12),'.mat'), ... 
 'chA', 'chB', 'SampleInterval'); 
    timeelapse = toc ; 
    disp(strcat( datestr(now), 'Elapsed : ', num2str(timeelapse), ' sec. ')); 
     
    % Plot the Acquired Data 
    figure(5); % Reuse old window to replace 
    subplot(2,1,1);  
    plot(chA(1:100:end),'b'); 
    hold on; plot(chB(1:100:end)*100,'r'); 
    hold off;  
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    title(strcat('LastCapture ',datestr(now)));  
      
    [ff,fa]=SimpleFFT(chA(1:1e6), 1/SampleInterval); 
    subplot(2,1,2); plot(ff,fa); xlim([100 10e3]); 






File: MainEnvironmental.m  
Description: Matlab function to initiate a time to collect environmental data 
% Timer  
t = timer; 
t.StartFcn = @(~,thisEvent)disp([thisEvent.Type ' executed '... 
    datestr(thisEvent.Data.time,'dd-mmm-yyyy HH:MM:SS.FFF')]); 
t.TimerFcn = @(~,~)EnvironmentalSerialRead; 
t.StopFcn = @(~,thisEvent)disp([thisEvent.Type ' executed '... 
    datestr(thisEvent.Data.time,'dd-mmm-yyyy HH:MM:SS.FFF')]); 
t.Period = 60*5; %seconds 
t.TasksToExecute = 5000; %number 







File: EnvironmentalSerialRead.m  
Description: Matlab function to collect Environmental data from microcontroller  
function [] = serRead() 
    s = serial('COM13');  
    try 
        fopen(s); 
    catch err 
        fclose(s); 
        error('Select COM Port where the Arduino is connected.'); 
    end 
    formatSpec = '%s%f%s%f%s%f%s%f%s%[^\n\r]'; 
    delimiter = {'mb',',',':','C'}; 
    for i=1:30 % avg amt 
        datastr = fgets(s); 
        disp(strcat(datestr(now,0),datastr)); 
        if length(datastr)<2 
            dataar(i,1:4)=nan; 
        elseif datastr(1)=='t' 
            a = textscan(datastr, formatSpec, 'Delimiter', delimiter, ... 
            'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
            dataar(i,:) = [a{[2,4,6,8]}]; 
        elseif datastr(2)=='H' 
            a = textscan(datastr, '%s%f%s%f%s%s%[^\n\r]', 'Delimiter', ...  
     {'mb',',',':','C'}, ... 
                    'MultipleDelimsAsOne', true, 'ReturnOnError', false); 
                dataar(i,1) = nan; 
                dataar(i,2) = nan; 
                dataar(i,3) = a{2}; 
                dataar(i,4) = a{4}; 
        elseif datastr(2)=='E' 
            dataar(i,1:4)=nan; 
        else 
            a = {nan,nan,nan,nan,nan,nan,nan,nan,nan}; 
            dataar(i,:) = [a{[2,4,6,8]}]; 
        end 
    end 
    fclose(s); 
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    filename = strcat('data\', datestr(now,'yyyymmdd-'),'Environment.mat'); 
    if(exist(filename, 'file')) 
       load(filename) 
    else 
       myenv=[]; % first measurement 
    end 
    myenv=[myenv; now() nanmean(dataar)]; 
    figure(42); 
    mytitle={'t1','baro','rh','t2'}; 
    for j=1:4 
        subplot(4,1,j); 
        plot(myenv(:,1),myenv(:,j+1),'r*-'); 
        ylabel(mytitle{j}); 
    end 





File: SimpleFFT.m  
Description: Matlab function to evaluate the Fast Fourier Transform of a signal  
function [ Freq,Magnitude ] = SimpleFFT(Signal, SampleFreq) 
%SimpleFFT This is a quick Function To Calculate FFT 
%   This function was created to simplify code for FFT analysis, based upon 
%   the matlab fft example line by line. 
 
        Fs = SampleFreq;              % Sampling frequency (hz) 
        T = 1/Fs;                     % Sample time 
        L = length(Signal);           % Length of signal 
        y = Signal;     % Sinusoids plus noise 
        NFFT = 2^nextpow2(L); % Next power of 2 from length of y 
        Y = fft(y,NFFT); 
        f = Fs/2*linspace(0,1,NFFT/2+1); 
        [~,k]=min(abs(f-30000)); % limit result to only 30khz 
        Freq = f(1:k); 
        Magnitude = 2*abs(Y(1:k)/L); 
        figure; plot(Freq,Magnitude); 





File: myPeakFrequencyIdentification.m  
Description: Matlab function to evaluate folder of impact resonance signals and extract the peak 
frequencies  
function myPeakFrequencyIdentification(filepath, foldname) 
 
myFolder = [filepath,foldname];  
if ~isdir(myFolder) 
  errorMessage = sprintf('Error: folder does not exist:\n%s', myFolder); 
  uiwait(warndlg(errorMessage)); 
  return; 
end 
filePattern = fullfile(myFolder, '*.mat'); 
matFiles = dir(filePattern); 
matFiles=matFiles(1:length(matFiles)); 
sign_chA = zeros(3050000,length(matFiles)); 
dt_chA = zeros(1,length(matFiles)); 
tic 
for k = 1:length(matFiles) 
    clear storedStructure 
    baseFileName = matFiles(k).name; 
    mytime(k)=str2num(baseFileName(1:end-4));  
    fullFileName = fullfile(myFolder, baseFileName); 
    fprintf(1, 'Now reading %s\n', fullFileName); 
    storedStructure = load(fullFileName); 
    sign_chA(:,k) = storedStructure.chA; 





if any(diff(dt_chA)) == 0 
    'Consistent sampling rate' 
else  
    'Warning: Inconsistent sampling rate' 





data = sign_chA - mean(sign_chA); 
clear sign_chA 
FS = 1/dt_chA(1); 
NFFT = 2^nextpow2(length(data)/4);% f = FS*[0:NFFT/2-1]/NFFT; 
[sf,sm]=SimpleFFT(data(:,2), 1/dt_chA(1)); 
[~, sidl]=min(abs(sf-200));[~, sidh]=min(abs(sf-6000)); 
[sv, si]=max(sm(sidl:sidh)); smidfreq=sf(sidl+si);  
f1 = smidfreq-500;%2e3;%3e3; 
f2 = smidfreq+500;%4e3;%5e3; 
m = NFFT; 
w = exp(-1j*2*pi*(f2-f1)/(m*FS)); 
a = exp(1j*2*pi*f1/FS); 
x = data; 
tic 
y = czt(x,m,w,a); 
toc 
fn = (0:m-1)'/m; 
fy = FS*fn; 
fz = (f2-f1)*fn + f1; 
 
temp = abs(y); 
 
[sizerows,sizecols]=size(temp); 
maxind = zeros(1,sizecols); 
maxval = zeros(1,sizecols); 
tic 
for i = 1:sizecols 
    [val,ind] = max(temp(:,i)); 
    maxind(i) = ind; 











Appendix B ESEM Collected Video 
File: Bittner-ESEM-Saturated-SlowDynamics.mp4  
Description: This video file displays the ESEM images collected during the vibration procedure 
discussed in Chapter 3. During the operation of the ESEM, a collection of images of neat cement paste 
was captured at a rate of approximately 1/3 Hz. The frame is centered on a pore located on the top surface 
of a small disc sample. Water can be observed filling in a surface pore at high humidity, then migrating 
out of the pore upon conditioning excitation and returning during the following resting recovery phase.  
The video file has been uploaded as supplementary data to the digital version of this dissertation. The 
video file can be acquired from the Illinois Digital Environment for Access to Learning and Scholarship 
(IDEALS) institutional repository available at http://www.ideals.illinois.edu. The video file is available 
along with the digital pdf version of this dissertation in an entry under the title of this dissertation.  
